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SUMMARY 
 
Cytokinins, a major class of phytohormones, are vital in various developmental 
processes like cell division and differentiation. The signaling pathway is derived from 
the two component system (TCS) present in bacteria and fungi. The signal is 
perceived by AHKs (Arabidopsis Histidine kinases) on the cell membrane, transferred 
to AHPs (Arabidopsis Histidine Phosphotransfer Proteins) in cytosol, which then 
transfer it to type-B and type-A ARRs (Arabidopsis Response Regulators) in the 
nucleus. It is known that AHPs transfer the phosphoryl group to type-A ARRs, which 
in turn, get activated and regulate downstream functions. However, some of the key 
questions such as the molecular basis of phosphorelay from AHPs to type-A ARRs 
and the processes associated with the activation of type-A ARRs subsequent to 
phosphorylation are yet to be addressed.  
 
In this work, we generated a homology model of AHP1-ARR4 (16-175 amino acid 
residues) using the crystal structure of a homologous protein complex in yeast as 
template. Based on the model, selected amino acid residues of ARR4 located at the 
interaction interface of AHP1 – ARR4 were identified and mutated. Some of the 
mutations affected the interaction with AHP1 in yeast-two hybrid system, thereby 
indicating their importance in interaction. The impact of the mutations of the selected 
amino acid residues of ARR4 were also examined on the biological functions of 
ARR4 in planta by complementing the hextuple type-A ARR (arr3 arr4 arr5 arr6 
arr8 arr9) knock-out background with either wild-type or mutant variants of ARR4. 
The various transgenic lines were examined for their cytokinin sensitivity, and the 
results obtained suggest a possibility of the role of strength of interaction on 
phosphorylation and hence protein function. Simultaneously, we found that homologs 
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of ARR4 in bacteria, yeast and Dictyostelium have conserved Ser/Thr and an aromatic 
amino acid (Phe/Tyr), known as “the aromatic switch” that plays a role in the 
activation of proteins upon phosphorylation. The underlying mechanism involves a 
conformational shift of the Phe/Tyr from an outward position to an inward position 
(the switch) in the 3-D structure of the protein. This is facilitated by Ser/Thr in 
response to phosphorylation on Asp. It was further identified that ARR4 in 
Arabidopsis also has a similar region in the protein with the critical amino acid 
residues conserved. The plant data from our study clearly indicated the role of these 
conserved residues in the biological functions of ARR4. This highlights the possibility 
that the conserved residues might be playing a similar function in ARR4 as in other 
organisms. Hence, our data revealed a key step in the molecular mechanism of 
cytokinin signaling, namely, activation of the response regulator proteins upon 
phosphorylation. 
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The life cycle of a plant from embryogenesis to senescence is an integration of 
various complex growth and developmental events. Therefore, a better understanding 
of the plant growth requires an insight into the regulation of different developmental 
stages. Attempts to investigate the mechanisms involved in the control of such 
intricate but coordinated processes have emphasized the role of plant hormones in 
development. Plant hormones or phytohormones are a group of structurally unrelated 
small molecules functioning as key determinants of plant growth. They regulate 
diverse developmental processes such as seed germination, determination of plant 
architecture, flowering, fruit ripening and senescence. Although, many of these effects 
are an outcome of cross-talk between different hormones, certain activities can be 
attributed to individual hormones. The main classes of phytohormones include auxins, 
gibberellins, cytokinins, ethylene, (+)-absicisic acid, brassinosteroids, jasmonates and 




Cytokinins are a class of plant hormones primarily known for regulating cell division 
and differentiation. Their discovery is associated with an investigation for compounds 
capable of supporting callus growth for unlimited periods and promoting 
organogenesis from calluses. van Overbeek et al., (1941) found that coconut water 
(coconut milk) was capable of stimulating the growth of Datura embryos in culture. 
Subsequent efforts to understand the stimulation of cell-division in cell cultures 
resulted in the isolation of the first cytokinin, kinetin (6furfurylaminopurine) from 
autoclaved herring sperm (Miller et al., 1955). Subsequently, trans-zeatin was 
isolated from corn endosperm, the first naturally occurring cytokinin (Miller 1961). 
  Introduction 
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Since then, a number of naturally occuring and synthetic molecules have been found 
to fulfill the definition of cytokinins. 
 
Functionally, cytokinins are responsible for governing different aspects of plant 
growth and development in addition to cell division. They maintain the shoot apical 
meristem (SAM) by regulating the pool of pluripotent stem cells and controlling their 
transition from undifferentiated to differentiated state (Wang and Li 2008). 
Cytokinins also play key roles in regulating root apical meristem (RAM). But in 
contrast to positive regulation of SAM, RAM is negatively regulated. Exogenous 
cytokinin application or induction of biosynthesis resulted in reduced root growth and 
meristem size (Kuderova et al., 2008). On the contrary, cytokinin degradation resulted 
in larger RAM and rapid root growth (Werner et al., 2003). Other functions of 
cytokinins include breaking axillary bud dormancy. Axillary meristems are usually 
dormant due to the inhibition by auxins, a process known as apical dominance. The 
underlying mechanism involves repression of cytokinin biosynthesis locally in the 
nodal stem (Tanaka et al., 2006). Cytokinins, on the other hand, oppose auxin action 
and break axillary bud dormancy. Cytokinins have also been reported to participate in 
regulation of leaf senescence. Senescence is a programmed process consisting of 
chlorophyll degradation, reduction in photosynthesis and cell death (Lim et al., 2007). 
Senescence involves reduction in cytokinin levels as cytokinins negatively regulate 
leaf senescence (Gan and Amasino 1995). Cytokinins have also emerged as key 
players for vasculature development in procambium maintenance.  Reduced levels of 
endogenous cytokinin have shown defects in procambial proliferation and absence of 
secondary growth (Hejatko et al., 2009). Additionally, studies in the recent past have 
also uncovered roles of cytokinins in circadian clocks, light responses and seed 
  Introduction 
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germination (Mira-Rodado et al., 2007, Salome et al., 2006, Wang et al., 2011). 
Besides their noteworthy contribution in plant growth and development, cytokinins 
also play vital roles in plant defense and stress response. Cytokinin perception and 
signaling promotes salicylic acid signaling which in turn, activates PATHOGENESIS-
RELATED (PR) genes. Thus, cytokinin-mediated defense response results in the 
activation of salicylic acid pathway regulators and effector-triggered immune 
response along with PR genes (Hwang et al., 2012). 
 
Taken together, these studies provide compelling evidence about the functions of 
cytokinins in overall plant development. Moreover, such a broad spectrum of 
cytokinin functions provides the opportunity of improving the agronomic parameters 
of crop plants to our advantage by manipulating their regulatory points. But, such 
advancement would require a comprehensive understanding of different aspects of 
cytokinin hormone. 
 
1.2 CYTOKININ METABOLISM 
 
Naturally occurring cytokinins represent a heterogeneous class of adenine derivatives, 
substituted at N6-moiety with either an isoprene-derived side chain – isoprenoid 
cytokinins, or an aromatic side chain – aromatic cytokinins (Mok and Mok 2001). 
Isoprenoid-type of cytokinins, namely N6-(∆2-isopentenyl)adenine (iP), trans-zeatin 
(tZ), cis-zeatin (cZ) and dihydrozeatin (DZ) (Kamada-Nobusada and Sakakibara 
2009). These molecules depict different affinities for different cytokinin receptors, 
which can account for the varied developmental responses elicited by cytokinins. 
Therefore it is necessary to get an insight into the biosynthesis and degradation of 
cytokinins.  
  Introduction 
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1.2.1. Cytokinin biosynthesis 
 
Cytokinin biosynthesis involves isopentenylation of ATP and ADP, a rate-limiting 
step governed by ISOPENTENYLTRANSFERASE (IPT) genes (Kakimoto 2001, Takei 
et al., 2001). In silico analyses of the Arabidopsis genome lead to the identification of 
nine ipt-homologs namely AtIPT1 – AtIPT9 (Haberer and Kieber 2002). The IPTs are 
divided into two classes (i) ATP/ADP-IPTs (AtIPT1, 3, 4-8) that synthesize 
isopentenyladenine (iP) and trans-zeatin (tZ) and (ii) tRNA-IPTs  (AtIPT2 and 9) 
synthesizing cis-zeatin (cZ) (Miyawaki et al., 2006) (Figure 1.1). The spatial 
expression pattern of the ATP/ADP-IPT family members differs among themselves as 
well as from the tRNA-IPT family members. AtIPT1 shows expression in ovules and 
vegetative organs whereas AtIPT3, 5 and 7 has relatively high expression levels in 
vegetative organs. AtIPT4 is expressed largely in reproductive immature seeds and 
AtIPT8 in reproductive organs and immature seeds. The two tRNA-IPTs, AtIPT2 and 
AtIPT9 are ubiquitously expressed with maximal expression in proliferating tissues 
(Miyawaki et al., 2004). The presence of multiple IPT genes with unique expression 
patterns shows the high level developmental control of cytokinin biosynthesis. 
 
Nonetheless, regulation by IPTs just represents the first step of biosynthesis. The 
presence of additional enzymes for converting the products of IPT catalyzed reaction 
into different active forms of isoprenoid cytokinins further highlights the complexity 
of the biosynthesis reaction. One of the two enzymes involved is Cytochrome P450 
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Figure 1.1: Cytokinin biosynthesis pathway  
ATP- Adenosine-5’-triphosphate; ADP- Adenosine-5’-diphosphate; AMP- 
Adenosine-5’-monophosphate; iPRTP- iP riboside 5′-triphosphate; iPRDP- iP 
riboside 5′-diphosphate; iPRMP- iP riboside 5′-monophosphate; tZRTP- tZ riboside 
5′-triphosphate; tZRDP- tZ riboside 5′-diphosphate; tZRMP- tZ riboside 5′-
monophosphate; DZRMP- DZ riboside 5′-monophosphate; cZRMP, cZ riboside 5′-
monophosphate; iPR- iP riboside; tZR- tZ riboside; DZR- DZ riboside; cZR- cZ 
riboside; DMAPP- Dimethylallyl pyrophosphate. Other abbreviations are same as in 




synthesize tZ from iP that is produced by IPTs (Takei et al., 2004). In Arabidopsis 
this reaction is catalyzed by two cytochrome P450 monooxygenases, CYP735A1 and 
CYP735A2.  The other key enzyme is cytokinin nucleoside 5’-monophosphate 
phosphoribohydrolase (LOG), converting cytokinin nucleotides synthesized by IPTs 
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and CYP735As to the free-base form, the biologically active form (Kurakawa et al., 
2007) (Figure 1.1). The gene encoding LOG was first identified in rice and named as 
LONELY GUY (LOG) because of its mutant phenotype in which flowers often contain 
only one stamen but no pistil, hence lonely guy. Further studies have identified the 
homologs of rice LOG in Arabidopsis, AtLOG, participating in a direct activation 
pathway for regulation of cytokinin function (Kuroha et al., 2009). Furthermore, 
recent studies have highlighted farnesylation as a novel mechanism for modulating 
the biosynthesis of cytokinin. Farnesylation directed IPT3 (a member of IPT family) 
localization to the nucleus/cytosol, whereas the nonfarnesylated protein was restricted 
to the plastids (Galichet et al., 2008). The above discussion brings to light the 
intricacy of the regulation of cytokinin biosynthesis pathway. In addition, this also 
hints upon the critical role of cytokinin biosynthetic genes in regulating cytokinin 
function.  
 
Overexpression of a bacterial IPT gene resulting in decreased meristem size and 
retarded root growth signifies the importance of IPTs in cytokinin-related growth 
responses (Kuderova et al., 2008). Similarly, log mutants in rice showing defective 
shoot meristem maintenance resulting in panicle size reduction and decreased floral 
organs clearly shows the significance of LOG in SAM maintenance in rice (Kurakawa 
et al., 2007). Moreover, validation of the role of IPT genes in cambial activity of the 
shoot and root and abiotic stress responses provide additional evidence for regulation 
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1.2.2. Cytokinin degradation 
 
The degradation of cytokinins is catalyzed by a group of enzymes known as 
CYTOKININ OXIDASE/DEHYDROGENASE (CKX). The enzyme is so named 
because of its ability to degrade cytokinins with molecular oxygen as an electron 
acceptor (oxidase reaction) or with other electron acceptors in a dehydrogenase 
reaction (Galuszka et al., 2001). Furthermore, the degradation of the hormone is a 
single enzymatic step involving cleavage of the isoprenoid side chain of iP, tZ and 
their ribosides resulting in adenine or adenosine and corresponding unsaturated 
aldehydes. It was also found that CKX is a flavoprotein with Flavin adenine 
dinucleotide (FAD) molecule covalently bound as a cofactor. Shortly after the first 
CKX gene was cloned from maize by (Morris et al., 1999), it was evident that the 
CKX proteins are encoded by small gene families. Since then, homologous gene 
families have been identified and characterized from maize, Arabidopsis thaliana, 
rice, wheat and barley (Bilyeu et al., 2001; Werner et al., 2003; Galuszka et al., 2004).  
 
Arabidopsis possesses seven distinct CKX genes AtCKX1 – AtCKX7. Signal peptides 
are present at the N-terminus of AtCKX proteins except AtCKX7, possibly targeting 
the proteins to plant secretory pathway, which was experimentally validated by 
AtCKX2 localization. On the contrary, AtCKX1 and AtCKX3 were targeted to the 
vacuoles (Werner et al., 2003). Besides differing in localization, CKX proteins also 
vary in their affinities towards their substrates. AtCKX2 and AtCKX4 showed highest 
activity with the free bases iP and tZ (Galuszka et al., 2007). Nevertheless, all the 
CKX proteins have a conserved binding site for the cofactor FAD and additional 
highly conserved domains that might play a role in substrate recognition and electron 
transport (Schmulling et al., 2003). 
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Similar to IPTs, CKXs also affect cytokinin regulated functions by affecting the 
endogenous levels of cytokinin. However, as their role suggests, IPTs and CKXs have 
an antagonistic effect on cytokinin-related functions. Cytokinin deficiency due to 
AtCKX overexpression resulted in reduced SAM size leading to slower leaf and 
flower primordia formation (Werner et al., 2003). On the other hand, the 
overexpression plants had larger RAM and rapid elongation of primary and lateral 
roots. Likewise, ectopic expression of CKX genes caused reduction in the size of 
vascular bundles and procambium in shoots and formation of protoxylem in roots 
without any metaxylem development in them (Hejatko et al., 2009, Mahonen et al., 
2006). Further validation of the impact of CKX on cytokinin function has been 
provided by studies in other plants. Suppression of OsCKX2 increased cytokinin 
levels in inflorescence meristem, thus resulting in improved rice grain yield due to 
increase in number of reproductive organs (Ashikari et al., 2005). Recent 
characterization of CKX overexpression has revealed their tolerance against abiotic 
stress that was related to increase in cell membrane integrity and ABA 
hypersensitivity (Nishiyama et al., 2011). 
 
Thus, the two protein families -IPTs and CKXs- work in tandem to maintain the 
endogenous cytokinin levels, thereby playing critical roles in regulating different 
cytokinin functions. However, the study of cytokinin biosynthesis and degradation is 
just the first step toward understanding the roles and regulations of cytokinin. The fact 
that cytokinin is a hormone implies that the site of biosynthesis can be spatially 
separated from the site of action. This emphasizes the presence of a well-developed 
signaling pathway for perception of cytokinin and subsequent signal transduction. 
Moreover, this also highlights the inclusion of additional checkpoints for regulation of 
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cytokinin functions. Thus, it becomes necessary to extend the discussion to cytokinin 
signaling pathway. 
 
1.3. CYTOKININ SIGNALING 
 
Cytokinin signaling has evolved from two-component signaling (TCS) system. TCS 
was originally discovered in bacteria and as the name suggests it involves two 
members for signal transduction (Mizuno 1997). A receptor kinase gets 
autophosphorylated on a conserved His in response to environmental stimulus (Stock 
et al., 2000). The phosphate is then transferred to a conserved Asp present in the 
receiver domain of a response regulator. Consequently, the ability of response 
regulators to mediate downstream signaling is modified. To date, there have been no 
reports of the occurrence of TCS pathway in animals; however, it has been identified 
in other eukaryotes such as the slime mold (Dictyostelium discoideum) (Thomason et 
al., 1998), yeast (Posas et al., 1996) and plants (Chang et al., 1993, Hwang and Sheen 
2001). The eukaryotic TCS system is more complicated than the canonical 
prokaryotic system because of the presence of a multistep phosphorelay (Appleby et 
al., 1996). The multistep phosphorelay makes use of three components: a “hybrid” 
receptor kinase protein consisting of a His kinase and a receiver domain; a histidine-
containing phosphotransfer (Hpt) protein and a response regulator (RR) protein 
(Figure 1.2). In these multistep phosphorelays, phosphotransfer follows the sequence 
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(a) Two component 
(b) Multi-step phosphorelay
 
Figure 1.2 A comparison between the TCS system and multi-step phosphorelay 
(a) A TCS system consists of a histidine kinase getting autophosphorylated at the 
His which then transfers it to a response regulator (b) A representation of the multi-
step phosphorelay showing the movement of phosphoryl group from the His of kinase 
domain to Asp in the receiver domain of hybrid kinases. The phosphoryl group is then 
transferred to the His of Histidine phosphotransfer proteins and finally to response 
regulators. AHKs- Arabidopsis Histidine kinases; AHPs- Arabidopsis Histidine 
Phosphotransfer proteins; ARRs- Arabidopsis response regulators. P- phosphate 





The perception that cytokinin signaling has advanced from TCS was initiated with the 
discovery of CYTOKININ INDEPENDENT1 (CKI1) (Kakimoto 1996). It was 
identified in a gene-activation tagging strategy by its ability to confer cytokinin 
independent callus growth. Moreover, CKI1 proteins are typical hybrid His kinases 
with a His kinase and a response regulator domain. These data provided convincing 
evidence about TCS contribution in cytokinin signaling. This was further supported 
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by the piece of information that genes with similarity to bacterial response regulators 
were induced by cytokinin (Brandstatter and Kieber 1998). These breakthrough 
findings accelerated the molecular elucidation of cytokinin signal transduction 
pathway.  
 
In Arabidopsis, cytokinin signaling machinery possesses all the elements of a 
multistep phosphorelay (Hwang et al., 2012, To and Kieber 2008). The members of 
ARABIDOPSIS HISTIDINE KINASE (AHK) family account for the hybrid receptor 
His kinases. The requirements for Hpts are fulfilled by ARABIDOPSIS HISTIDINE 
PHOSPHOTRANSFER PROTEINs (AHPs). Lastly, the ARABIDOPSIS 
RESPONSE REGULATORs (ARRs) form the third component of the cytokinin 
signaling pathway (Figure 1.3).  
 
From the above discussion, it is evident that members of the multistep phosphorelay 
are potential targets for fine-tuning cytokinin signaling pathway. Therefore, it is 
imperative to explore each component in more detail to be able to appreciate their 
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Figure 1.3: The cytokinin signaling circuitry 
The cytokinin signaling pathway depicting the AHKs, AHPs and ARRs in a model 
cell. Conserved His and Asp are shown by H and D, respectively. Green color 
indicates positive regulators of cytokinin signaling and red indicates negative 
regulators. Selected connections to other genes are also shown. ER- Endoplasmic 
reticulum; CRF- Cytokinin response factors; PM- Plasma membrane. Other 
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1.3.1 Arabidopsis Histidine Kinases 
 
Ueguchi et al., (2001a) revealed the presence of a novel family of sensor histidine 
kinases comprising of AHK2, AHK3 and AHK4 in Arabidopsis. Initial verification 
that this family functions in cytokinin signaling came from the discovery of loss-of-
function mutant, cytokinin response1 (cre1) (Inoue et al., 2001). CRE1 gene encodes 
for a histidine kinase and its mutation resulted in reduced responses to cytokinin. 
Simultaneously in an independent study, Ueguchi et al., (2001b) identified that a loss-
of-function mutation of the AHK4 gene showed similar cytokinin-resistant phenotypes 
and hence CRE1 is an allele of AHK4. They also highlighted that WOODEN LEG 
(WOL) gene discovered by Mahonen et al., (2000) that encodes for a sensor histidine 
kinase, appeared to be identical to AHK4. In addition, complementation of histidine 
kinase mutants of bacteria and yeast by CRE1/WOL/AHK4 (hereafter referred to as 
AHK4) in a cytokinin-dependent manner, independently in three laboratories, lead to 
their establishment as cytokinin receptors (Inoue et al., 2001, Suzuki et al., 2001, 
Ueguchi et al., 2001b).  
 
Further confirmation was provided by the binding of AHK4 to a variety of natural and 
synthetic cytokinins in a highly specific manner (Yamada et al., 2001). This study 
also demonstrated the ability of two other AHK homologs, AHK2 and AHK3, to 
propagate an external cytokinin signal. Moreover, a single amino acid substitution 
(Thr-301 to Ile) in AHK4 was shown to disrupt its binding with cytokinins. This 
mutation corresponds to previously reported wol mutant that were defective in 
vascular morphogenesis. This indicated the presence of an extracellular domain in the 
N-terminal region that functions in cytokinin binding. Subsequently, a 200-230 amino 
acid region was identified in histidine kinase receptors present in bacteria, 
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Dictyostelium and plants (Anantharaman and Aravind 2001). It is known as 
Cyclase/Histidine kinase-Associated Sensing Extracellular (CHASE) domain and 
predicted to bind to diverse low molecular weight ligands. The predicted extracellular 
CHASE domain in plants was shown to be sufficient for cytokinin binding (Heyl et 
al., 2007). However, despite the structural similarity in the CHASE domain of the 
three cytokinin receptors (AHK2, AHK3 and AHK4), their affinities differ for 
different cytokinin molecules. Interestingly, CRE1/AHK4 showed a high affinity for 
both primary cytokinins iP and tZ, but was not equally receptive to other cytokinins 
(Romanov et al., 2006). On the other hand, AHK3 showed higher affinities for tZ but 
lower affinities for iP, as compared to AHK4. Besides, AHK3 also binds to cis-zeatin, 
dihydrozeatin and cytokinin ribosides, nonetheless, the affinity is lower than that for 
tZ. A recent report has highlighted that AHK2 CHASE domain resembles AHK4 
CHASE domain in its specificity towards different cytokinins (Stolz et al., 2011). 
These results bring to light the need for the synthesis of diverse cytokinin molecules. 
Simultaneously, it also suggests that ligand preference can contribute to specify the 
receptor activity in mediating certain cytokinin functions.  
 
Detailed genetic and transgenic analyses of Arabidopsis plants harboring mutants of 
AHK genes have revealed their importance in regulation of diverse cytokinin 
functions (Higuchi et al., 2004, Nishimura et al., 2004, Riefler et al., 2006). However, 
no overt phenotype was exhibited by loss-of-function mutations of single receptors. 
On the contrary, the double mutants displayed significant growth retardation and 
reduced response to cytokinin. The impact was even more severe in ahk2 ahk3 ahk4 
triple mutants suggesting considerable degree of functional redundancy among the 
receptors. However, in some cases specific cytokinin functions are regulated by 
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individual receptors that can be correlated to ligand inclination. For instance, ahk2 
ahk3 double mutants have shorter inflorescence stems and smaller leaves indicating 
their vital role in shoot development (Higuchi et al., 2004). AHK3 functions have also 
been demonstrated in controlling cytokinin-mediated leaf longevity (Kim et al., 
2006). Moreover, it also regulates induction of cell differentiation in the transition 
zone of root meristem and determination of root meristem size (Dello Ioio et al., 
2007, Dello Ioio et al., 2008). On the other hand, CRE1/AHK4 plays dominant role in 
primary root elongation and its sensitivity to cytokinin (Higuchi et al., 2004, Inoue et 
al., 2001, Nishimura et al., 2004). Recent findings also show that AHK4 is essential 
for cytokinin-auxin interaction during lateral root initiation (Marhavy et al., 2011). 
 
1.3.2 Arabidopsis Histidine Phosphotransfer Proteins 
 
The discovery of hybrid histidine kinases in plants strongly supported the view that 
cytokinin signal transduction derived its root from multistep phosphorelay. This urged 
the scientists to instigate the search for the next element, the histidine-containing 
phosphotransfer proteins. The first report came from the works of Miyata et al., 
(1998) and Suzuki et al., (1998) where they identified three distinct Arabidopsis genes 
AHP1, AHP2 and AHP3, each encoding a Hpt domain containing protein. They also 
demonstrated that all the three proteins were able to complement a yeast mutant with 
deletion in Hpt domain encoding gene. Suzuki et al., (1998) went a step further and 
showed that AHP1 mutation at the conserved His (required for phosphoryl group 
transfer) abolished its ability of complementing yeast mutant. They also illustrated 
that AHPs could be phosphorylated under in vitro conditions by incubating them with 
purified E.coli cytoplasmic membranes in the presence of [γ-32P]ATP. However, no 
radiolabel was incorporated in AHP1 altered at the conserved His, further confirming 
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its role as Hpt. Studies post Arabidopsis genome sequence completion, revealed the 
occurrence of three additional genes encoding AHP proteins (Suzuki et al., 2000). 
Two of them were designated as AHP4 and AHP5, while, the last one was 
intentionally named as APHP1, as it encodes a pseudo-Hpt lacking the conserved His. 
Furthermore, a comprehensive characterization of AHP1,2,3,4 and 5 highlighted that 
they are predominantly localized to the cytoplasm (Tanaka et al., 2004). Nevertheless, 
their organ specificity differs significantly as AHP2, AHP3 and AHP5 transcripts were 
detected in all organs tested, whereas, AHP1 and AHP4 were predominantly 
expressed in roots and aerial parts, respectively.  
 
Analyses of higher-order-loss-of-function mutations have revealed that AHP1, AHP2, 
AHP3 and AHP5 function redundantly and positively in regulation of cytokinin 
signaling (Hutchison et al., 2006). Contrastingly, AHP4 contributes insignificantly to 
the cytokinin responses and sometimes acting as negative regulator. APHP1/AHP6 
lacks the phosphorylatable His and hence acts as negative regulator of cytokinin 
signal transduction (Mahonen et al., 2006). It prevents other AHPs from getting 
phosphorylated by interacting with the receiver domains of cytokinin receptors.  
 
1.3.3 Arabidopsis Response Regulators 
 
Response regulators comprise the third component of the multistep phosphorelay. 
They serve as the effectors of the signaling cascade as they are responsible for 
modifying the downstream signaling events and hence the output. Hence, gaining an 
insight into the response regulators was critical for bridging the gap between 
cytokinin signaling and cytokinin functions. Five distinct Arabidopsis response 
regulator genes, each encoding a receiver-like domain containing protein were 
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identified by Imamura et al., (1998). In vivo and in vitro evidence confirmed their 
phosphoaccepting ability from Hpts. The importance of conserved Asp in His-Asp 
phosphorelay was also demonstrated by the group. Subsequently, two genes encoding 
polypeptides with a typical receiver domain at the N-terminus and a putative DNA-
binding domain were also discovered (Sakai et al., 1998). Further studies identified 
more Arabidopsis response regulator genes and lead to their division into type-A and 
type-B ARRs (Imamura et al., 1999). Type-B ARRs appeared to possess a putative 
DNA-binding domain at the C-terminus, whereas type-A ARRs lack such a domain. 
Additionally, type-B ARRs are not directly activated by cytokinins but transcription 
of type-A ARRs are induced by cytokinins. A transient expression assay using 
mesophyll protoplasts of Arabidopsis leaves facilitated the investigation of the 
physiological functions of the two classes of ARRs (Hwang and Sheen 2001). The 
results ascertained the role of type-B and type-A ARRs as transcriptional activators 
and repressors of cytokinin signaling, respectively.  
 
To date, there are 23 genes encoding functional response regulator proteins in 
Arabidopsis. Elaborate phylogenetic and functional analysis of these genes has 
revealed the occurrence of some genes that cannot be classified into type-A or type-B 
ARRs. Two additional classes viz. type-C ARRs and pseudo-response regulators 
(PRRs), were introduced for such genes (Schaller et al., 2008). A detailed description 
of each class of ARRs is given below. 
 
1.3.3.1 Type-A response regulators 
 
Type-A ARRs consist of 10 members viz. ARR3, ARR4, ARR5, ARR6, ARR7, 
ARR8, ARR9, ARR15, ARR16 and ARR17 (Muller and Sheen 2007). They have 
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small extensions at N- and C-terminal in addition to the receiver domain. Type-A 
ARRs are the primary response genes as they are rapidly induced by cytokinin 
treatment and this induction does not require de novo protein synthesis (Brandstatter 
and Kieber 1998, Taniguchi et al., 1998). Genetic analyses have highlighted that type-
A ARRs function as negative regulators of cytokinin signaling and hence their 
activation results in reduced sensitivity to cytokinin (Kiba et al., 2003, Lee et al., 
2008, To et al., 2004). Reports have further shown that cytokinin can stabilize a 
subset of type-A ARRs proteins in part via phosphorylation, thereby revealing a 
mechanism for control of type-A ARRs by cytokinins (To et al., 2007).  
 
A few type-A ARRs have also been demonstrated to play crucial roles in other 
regulatory pathways. Interaction of ARR4 with phytochrome B results in the modulation 
of red light signaling, thus shedding light on a cross-talk between cytokinin and light 
signaling pathways (Mira-Rodado et al., 2007, Sweere et al., 2001). ARR4 along with 
ARR3 regulate the circadian period in a cytokinin-independent manner, as the loss both 
the genes resulted in a longer clock period (Salome et al., 2006). Furthermore, 
cytokinin control of SAM can be partly correlated to type-A ARR function. 
WUSCHEL (WUS), a homeodomain-type transcription factor regulating stem cell 
identity in SAM, negatively regulates the transcription of several type-A ARRs (Leibfried 
et al., 2005). Consequently, positive regulation of SAM by cytokinin activity is 
enhanced. In addition, a tight regulation of the expression levels of two type-A ARRs, 
ARR7 and ARR15, in the inflorescence meristem by an interplay of auxin and cytokinin 
hormones, further highlight their involvement in SAM maintenance (Zhao et al., 2010). 
Also, type-A ARRs contribute to the cytokinin control of RAM by regulating the 
expression of PINFORMED (PIN) proteins post-transcriptionally, resulting in 
defective polar auxin transport and RAM development (Zhang et al., 2011). A recent 
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report has highlighted the role of ARR4, 5 and 6 in negatively regulating the ABI5 
expression levels, thus accounting for cytokinin participation in seed germination (Wang 
et al., 2011).   
 
1.3.3.2 Type-B response regulators 
 
Type-B ARRs comprise a family of 11 members including ARR1, ARR2, ARR10, 
ARR11, ARR12, ARR13, ARR14, ARR18, ARR19, ARR20 and ARR21 (Muller and 
Sheen 2007). They contain a receiver domain at the N-terminus along with a Myb-like 
DNA binding domain known as GARP domain at the C-terminus (Hosoda et al., 
2002). In addition, their role as transcription factors have been confirmed by 
numerous pieces of evidence (Imamura et al., 2003, Lohrmann et al., 2001, Sakai et 
al., 2000, Sakai et al., 2001). The subcellular localization of type-B ARRs into the 
nucleus and their ability to bind to a core DNA sequence 5’-(G/A)GAT(T/C) -3’ 
further validated their role as transcription factors (Hosoda et al., 2002, Lohrmann et 
al., 1999, Sakai et al., 2000). 
 
Furthermore, several studies have also verified that type-B ARRs act redundantly to 
function as positive regulators of cytokinin signaling (Argyros et al., 2008, Ishida et 
al., 2008, Mason et al., 2005, Yokoyama et al., 2007). They hold the responsibility of 
upregulating a series of cytokinin responsive genes, including type-A ARRs (Hwang 
and Sheen 2001). Consequently, the cytokinin transcriptional responses are 
significantly diminished in mutants of type-B ARRs supporting their key role in 
regulating cytokinin functions (Heyl et al., 2008, Taniguchi et al., 2007). For 
instance, acceleration in protoxylem specification in arr1/10/12 triple mutant, which 
is negatively regulated by cytokinin under normal circumstances, confirms their 
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participation in controlling vascular morphogenesis (Yokoyama et al., 2007). Besides, 
the finding that constitutive activation of ARR2 by phosphorylation is responsible for 
delayed leaf senescence,  signifies the role of type-B ARRs in cytokinin-mediated 
regulation of leaf senescence (Kim et al., 2006). Additionally, type-B ARRs also 
regulate cytokinin activity in primary root meristem development via the upregulation 
of a negative regulator of auxin signaling, thereby reducing auxin levels (Dello Ioio et 
al., 2008). 
 
1.3.3.3 Type-C response regulators 
 
Two response regulators ARR22 and ARR24 have been classified under type-C 
ARRs. They possess short C-terminal extension, like the type-A ARRs, but are not 
transcriptionally regulated in response to cytokinin (Schaller et al., 2007). 
Characterization of ARR22 has revealed that it is predominantly expressed in 
reproductive organs, localizing in the cytoplasmic space (Kiba et al., 2004). The study 
also showed its ability to acquire phosphoryl group under in vitro conditions, 
indicating its involvement in the His-Asp phosphorelay. However, transgenic lines 
overexpressing ARR22 showed dwarf phenotypes with poorly developed root systems, 
similar to those of the wol mutant. Further analysis by another group has 
demonstrated that ARR22 is exclusively expressed in the chalaza of developing seeds 
and is a putative AHP phospho-histidine phosphatase (Horak et al., 2008). 
 
1.3.3.4 Pseudo-response regulators 
 
In Arabidopsis, a subfamily of nine response regulators have been identified, that 
despite having a receiver-like domain, lack the phospho-accepting aspartate site 
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((Makino et al., 2000, Schaller et al., 2008). Hence they are named as Arabidopsis 
pseudo-response regulators (APRRs). Some of the family members have a CCT-motif 
in the C-terminal extension, while others possess a Myb-like motif, also found in 
type-B ARRs. 
 
The APRRs with CCT-motif have been reported to participate in the regulation of 
circadian rhythms (Mizuno 2005). This was initiated with the discovery that their 
expression levels vary in a circadian manner and loss-of-function mutants have 
modified circadian periods (Kaczorowski and Quail 2003). 
 
The aforementioned pieces of information present a clear picture of the intricate 
involvement of the different cytokinin signaling components in regulating the wide-
array of cytokinin functions. It also provides a basic outline of the role of different 
signaling elements in facilitating cytokinin signal transduction. However, the 
mechanism underlying cytokinin signaling deserves more elaboration as some of the 
key signaling processes are yet to be understood. 
 
1.3.4 Phosphorelay of Cytokinin Signaling 
 
Notwithstanding the huge collection of information regarding the different signaling 
components, their ability to participate in the multistep phosphorelay and regulate 
cytokinin functions, it is still important to study the actual signal transfer process. A 
deeper insight into the authentic cytokinin signal transfer mechanism will help to 
improve our understanding about the process, thereby opening avenues for new 
discoveries. 
 
  Introduction 
  P a g e  | 23 
Concisely, a general cytokinin signaling cascade involves perception of cytokinins by 
AHKs, the hybrid His kinase cytokinin receptors (Hwang et al., 2012, To and Kieber 
2008). This results in the autophosphorylation of AHKs at the conserved His. The 
phosphate group is then transferred to the conserved Asp of the receiver domain of 
AHKs. This phosphate group is then received by AHPs at the conserved His. The 
phosphorylated AHPs translocate into the nucleus and transfer the phosphate to type-
B ARRs, which function as transcription factors in cytokinin signaling pathway. 
Phosphorylation of type-B ARRs induces the transcription of subset of cytokinin-
regulated targets, including type-A ARRs. Type-A ARRs, in addition, can also 
interact and receive phosphoryl group from AHPs. The phosphorylation of type-A 
ARRs results in their activation thereby mediating a range of down-stream processes. 
They are primarily engaged in negative regulation of cytokinin signaling (Lee et al., 
2008). Other functions include regulation of circadian rhythms, control of 
phytochrome function, meristem development inhibition and control of seed 
germination (Leibfried et al., 2005, Mira-Rodado et al., 2007, Salome et al., 2006).  
 
From the foregoing discussion, it is evident that type-A ARRs, in addition to 
providing a feedback response in cytokinin signaling, helps to link cytokinin with 
several developmental processes. This would require establishing cross-talks with 
signaling of other hormones such as auxin and ABA. The above discussion also shed 
light on the significance of phosphorelay via AHPs in the function of type-A ARRs. 
Reports showing the phosphorylation of type-A ARRs at the conserved Asp as a 
prerequisite for their function have further validated the studies (Lee et al., 2008). 
Additionally, it has also been demonstrated that phosphorylation regulates the protein 
stability of a subset of type-A ARR family: unphosphorylated proteins are targeted for 
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degradation, whereas phosphorylation stabilizes the protein (To et al., 2007). 
Therefore, it is apparent that phosphorylation-mediated type-A ARR functions take 
the centre stage in cytokinin-regulated plant developmental processes. 
 
Despite the wealth of knowledge available concerning the phosphorylation of type-A 
ARRs at the conserved Asp and their subsequent functions, some key issues are yet to 
be addressed. Although, several reports have validated the interaction of AHPs with 
type-A ARRs by employing yeast-two hybrid analysis and radioactively labeled PO43- 
group transfer, the molecular basis of phosphotransfer from AHPs to type-ARRs is 
still missing (Dortay et al., 2006, Suzuki et al., 1998).  Likewise, although type-A 
ARRs are known to be responsible for negatively regulating cytokinin signaling and 
reducing the expression levels of WUS and ABI5, the mechanism of transcriptional 
regulation by type-A ARRs in the absence of a DNA-binding domain is still not clear. 
In addition, although it is known that phosphorylation results in the activation of type-
A ARR proteins, it is not known how phosphorylation modifies the conformation of 
the protein from inactive to active state. 
 
1.4 PHOSPHORELAY IN OTHER ORGANISMS 
 
The fact that cytokinin signaling pathway has evolved from TCS system implied that 
not only the basic signaling cascade, but other related mechanisms could also be 
conserved. This provides the opportunity to access the vast pool of information 
obtained from the studies of TCS in bacteria, yeast and slime mold. 
 
The multistep His-Asp phosphorelay involved in osmotic stress pathway in 
S.cerevisiae is one such study (Imamura et al., 1998). The three components 
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constituting the osmoresponsive signaling pathway include the hybrid His kinase 
SLN1-R1 (R1 refers to the receiver domain), YPD1, the His-containing 
phosphotransfer protein and finally, the response regulator SSK1-R2. Under normal 
osmotic conditions the pathway is initiated by the autophosphorylation of the SLN1 
osmosensor at the conserved His. This phosphate is then transferred to the conserved 
Asp of receiver domain R1. YPD1 collects the phosphoryl group from the R1 domain 
and transfers it to the SSK1-R2, thereby keeping SSK1 in the phosphorylated state. 
However, upon hyperosmotic stress SSK1 becomes dephosphorylated and activates 
the mitogen-activated protein (MAP) kinase cascade. Extensive studies of YPD1 
interaction with the response regulators have resulted in analysis of various aspects of 
the interaction, such as kinetic analysis of phosphotransfer and role of Hpt in 
stabilizing the phosphorylated response regulator (Janiak-Spens et al., 2005, Janiak-
Spens et al., 2000). Furthermore, a noteworthy achievement in the field was the 
crystal structure of R1 domain of SLN1 complexed with YPD1 (Xu et al., 2003). This 
not only provided a molecular basis of the interaction of SLN1-R1 with YPD1 but 
also contributed significantly to the perspective of Hpt response regulator interactions, 
in general.  
 
Another exemplary study involves understanding the phosphorylation-induced 
transition of response regulators from an inactive to active state in a TCS system. 
Initial progress was based on the genetic and structural information collected from 
CheY, a E.coli response regulator mediating chemotactic responses upon 
phosphorylation (Volz and Matsumura 1991). Phospho-CheY interacts with the 
flagellar motor switch to cause tumbly behavior. A combination of in vivo behavioral 
and in vitro biochemical studies have recognized that five conserved residues Asp 12, 
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Asp 13, Asp 57, Thr 87 and Lys 109 form the active site of CheY protein and play 
critical roles in phosphorylation and/or conformational changes subsequent to 
phosphorylation (Appleby and Bourret 1998, Lukat et al., 1991, Sanders et al., 1989). 
Asp 57 is established as the site of phosphorylation and together with Asp 12 and 13, 
is required for magnesium binding. Thr 87 and Lys 109 are involved in the 
conformational changes post-phosphorylation. Another conserved residue adjacent to 
the active site, Tyr 106, has also been shown to play important roles in signaling 
ability of CheY (Zhu et al., 1996). The crystal structure of wild-type CheY (Mg2+ - 
free form) showed that Tyr 106 is a rotamer whose electron density is found both in 
an inside (solvent inaccessible) and an outside (solvent exposed) position (Volz and 
Matsumura 1991) (Figure 1.4a).  
 
Furthermore, comprehensive analyses of the phenotype of mutants with substitutions 
at Thr 87 or Tyr 106 position in CheY protein provided interesting results. A mutant 
with Thr 87 to Ile substitution in CheY showed non-chemotactic phenotype despite 
the protein getting phosphorylated, in vitro. These properties indicated that the mutant 
did not undergo activation upon phosphorylation (Appleby and Bourret 1998). 
Contrastingly, the mutation of Tyr 106 to Trp resulted in an activated mutant (Zhu et 
al., 1996). The explanation for this difference in activation due to mutation at two 
independent residues was provided by the crystal structures of two CheY mutants, 
Y106W and T87I/Y106W (Zhu et al., 1997). In Y106W mutant (Figure 1.4c), Trp 
106 was located in the “inward” position only, whereas in T87I/Y106W mutant 
(Figure 1.4d), Trp 106 was forced to the “outward” position by the bulk of Ile at 87 
position. Thus, the only significant difference between the structures was the 
conformation of Trp 106 side chain. This clearly indicated that movement of the side 
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chain of residue 106 modulated the activation state of CheY. All together, numerous 
studies based on the chemotactic response of mutants and their 3-D structures have 
highlighted the importance of Thr 87 and Tyr 106 residues in phosphorylation-
mediated CheY activation. However, the studies so far were based on the inactive 
forms of CheY as active conformation could not be reached due to the short half-life 





Figure 1.4: Comparison of the different states of CheY 
(a) Inactive CheY showing the aromatic ring of Tyr 106 in both inward and 
outward positions. (b) Activated CheY with Thr 87 moved towards the pocket and 
Tyr 106 occupying an inward position. (c) Y106W CheY with aromatic ring 
occupying an inward position even in the absence of phosphorylation. (d) 
T87I/Y106W CheY with aromatic ring of Trp 106 in the outward position due to the 
bulky side chain of Ile. 
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Subsequently, this obstacle was overcome by utilizing beryllium fluoride as a 
phosphate analog (Yan et al., 1999). Beryllium fluoride forms persistent complexes 
with receiver domains, mimicking the phosphorylation-activated states. This provided 
the opportunity to attain activated response regulator structures, which in turn allowed 
their detailed comparison with their inactive counterparts. As a result, key differences 
between inactive and active conformations were revealed. The switch from an 
inactive to active conformation involved a hydrogen-bond formation between the 
hydroxyl group of Thr 87 and one of the fluorine atoms of BeF3- moiety that is bonded 
to Asp 57 (Lee et al., 2001a). In conjunction with the hydrogen-bond formation, β4 
strand was displaced and the aromatic ring of Tyr 106 moved “inward” and got buried 
in a hydrophobic pocket between α4 and β5 (Figure 1.4b). This movement of Tyr 106 
due to the displacement of Thr 87 is known as Y-T coupling. In addition, modest 
changes were observed in the β5/α5 loop due to the repositioning of Lys 109 for 
forming a salt bridge with BeF3-. Therefore, the largest differences between the 
phosphorylated and unphosphorylated conformations occur on the α4β5α5 face of the 
receiver domain. Similar conformational changes were noticed for BeF3- activated 
Spo0F, a response regulator involved in sporulation of Bacillus subtilis (Gardino et 
al., 2003). Besides, supporting the mechanism of response regulator activation, it also 
revealed that the mechanism is applicable for activation of response regulators in 
phosphorelay. Additionally, in recent past, a crystal structure of a complex of S. 
cerevisiae proteins YPD1 and receiver domain of SLN1 was obtained in presence of 
Mg2+ and BeF3- (Zhao et al., 2008). The positions of conserved Thr and Phe 
(analogous to Tyr) in the activated receiver domain of SLN1 highlighted that the 
process of phosphorylation-induced response regulator activation is conserved in 
eukaryotes as well.   
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Several pieces of evidence have shown that the conformational change in the aromatic 
amino acid is strongly associated with diverse functions such as protein-protein or 
protein-DNA interactions, relief of inhibition and rearrangement of catalytic core 
residues (Moorthy and Anand 2012). In E.coli, it has been demonstrated that FliM, a 
down-stream interactor of CheY, binds 20-fold tighter to the phosphorylated CheY 
than unphosphorylated CheY (Lee et al., 2001b). The crystal structure of activated 
CheY bound to its target (N16-FliM) revealed that the peptide binds to the region that 
undergoes conformational change upon activation. Likewise in Dictyostelium, the 
mutation of the conserved aromatic amino acid to Trp increased the activity of the 
response regulator by ~8-fold (Moorthy and Anand 2012) Hence, the above 
discussion signifies that the phosphorylation-induced conformational change connects 
the response regulators to their respective physiological functions. 
 
1.5 AIMS AND SCOPE OF THIS PROJECT 
 
By now, it is apparent that phosphotransfer from AHPs to type-A ARRs forms the 
basis of type-A ARR activation and function as negative regulators of cytokinin 
signaling. However, as has been pointed out earlier, some of the key processes 
concerning the phosphotransfer and the mechanism of activation of type-A ARRs are 
still not clear. Therefore, with this project, we tried to shed some light on the 
molecular basis of phosphoryl group transfer from AHPs to type-A ARRs and 
phosphorylation-induced activation of type-A ARRs. The key objectives of the study 
were:- 
 
i) Insight into the phosphorelay between AHP1 and ARR4 
a) Validation of receiver domain region in ARR4. 
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b) Generation of a homology model of AHP1 – ARR4 complex. 
c) Identification of residues involved in interaction with AHP1 and studying the 
effect of their mutation on interaction. 
d) Studying the impact of these mutations on the functions of ARR4 in planta. 
 
ii) Insight into the phosphorylation and subsequent activation of ARR4 
a) Identification of active site and “aromatic switch” residues in ARR4 and 
studying the effect of their mutation on interaction with AHP1.  
b) Studying the impact of these mutations on the functions of ARR4 in planta. 
 
iii) Insight into the phosphorylation-induced conformational changes  
a) Generation of activation-state-mimic mutant and inactivated mutant and 
studying their interactions with AHP1. 
b) Studying the impact of these mutations on the functions of ARR4 in planta. 
c) Studying the effect of these mutations on the interaction of ARR4 with down-
stream target proteins. 
 
iv) Insight into the structural aspects of phosphorelay between AHP1 and 
ARR4 and activation of ARR4 
a) Expression and purification of recombinant AHP1 and ARR4 for studying the 
interaction between the two proteins  
b) Verification of the phosphorylation-induced conformation change in ARR4 
using Hydrogen-Deuterium Exchange mass spectrometry. 
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With this study, we thus hope to bring to light some untouched aspects of cytokinin 
signaling which besides improving our understanding, will also help us to manipulate 
the signaling pathway to our benefit in the long-term. 
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2.1 PLASMID CONSTRUCTION 
 
2.1.1 Total RNA extraction and cDNA synthesis 
 
Before extraction all glassware, mortar and pestles, spatulas, 1.5 and 2ml eppendorfs, 
pipette tips were autoclaved at 121°C for 1h and then kept in 60°C for drying. The 
next day 2 freshly cut rosette leaves (100 mg approx.) from Arabidopsis thaliana 
ecotype Columbia plant were snap frozen in liquid nitrogen in 2ml eppendorfs tubes. 
Tissues were pulverized to a fine powder by grinding in a pre-chilled mortar and 
pestle in liquid nitrogen ensuring that tissues do not thaw. The powder was then used 
for total RNA extraction using QIAGEN RNA extraction kit (QIAGEN, Germany). 
Subsequently, 2 μl of the total RNA was used for cDNA synthesis using Invitrogen 
First strand cDNA synthesis kit (Invitrogen, USA).  
 
2.1.2 Primer Designing and PCR Amplification 
 
Primer pairs (5’ and 3’) for full length and truncated coding regions were designed 
based on the sequence information in The Arabidopsis Information Resource (TAIR) 
database (www.arabidopsis.org). For forward primer, first 20-24 nucleotides of the 
gene starting from ATG were used as such, whereas, for reverse primer last 20-24 
nucleotides were first complemented and then written in reverse order. Restriction 
enzyme (RE) sites were incorporated at 5’ end of both primers as per the multiple 
cloning sites (MCS) of the vectors to be used for subsequent cloning. The Tm values 
of the primers were checked using online software Oligocalc 
(www.basic.northwestern.edu/biotools/oligocalc.html), and adjusted with 2-3 
additional nucleotides ahead of the RE sites, if required. For truncated constructs, a 
start and stop codon were added in between gene sequences and RE sites in the 
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forward and reverse primers, respectively, if the fragment was not starting from the 
ATG or ending with stop codon. For addition of 6x His at C terminus, a stretch of 24 
nucleotides corresponding to His tag was added in the reverese primer in between 
stop codon and gene sequence.  
 
Coding regions of the genes were then amplified by PCR using cDNA as template. 
The PCR product was then mixed with 3 μl of 6X DNA loading dye and loaded onto 
1% TAE agarose gel containing nucleic acid flourescent dye (dil. 1:20,000). The gel 
was run using 1X TAE buffer and finally viewed under ultraviolet light using the gel 
documentation system. 
 
         Condition Composition 
        94°C – 4 min     cDNA   -  1 μl 
        94°C – 45 s     Buffer (10X)  – 2 μl 
        60°C – 30 s  * 27 cycles   dNTPs   – 1 μl 
        72°C – 55 s     F.P. (10 μM)  – 1 μl 
        72°C – 10 min     R.P. (10 μM)  -  1 μl 
        16°C -   ∞     DNA Polymerase -  1 μl 
               Water   -13 μl 
           20 μl 
 
2.1.3 Gel Extraction and Cloning in TA vectors 
 
Band of expected size was excised from the gel using a razor blade, and DNA was 
recovered with QIAEX ® II Gel Extraction kit (QIAGEN, Germany). Ligation 
reaction was set up for purified PCR product with pGEMT Easy vector following the 
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manufacturer’s protocol (Promega, USA). Overnight ligation was set up at 4°C where 
the vector and insert would be ligated by TA cloning. After 16-18 h of incubation, 
total ligation mix of 10 μl was added to chemically competent E. coli DH5α cells. 
 
Depending upon the choice of restriction sites to be used for subsequent cloning, 
CloneJET cloning kit was also used for TA cloning (Thermo SCIENTIFIC, USA). 
This involves blunting of the PCR product if Pfu polymerase has not been used for 
amplification, followed by ligation with pJET vector as per the manufacturer’s 
protocol. Contrary to pGEMT Easy ligation reaction, CloneJET ligation was at room 
temperature for 15-30 min. Finally, total ligation mix of 20 μl was added to 
chemically competent E. coli DH5α cells. 
 
A tube containing 100 μl of frozen DH5α competent cells was thawed completely on 
ice before use. The ligation mixture was added to the competent cells and mixed well 
by gently tapping the tube. The entire mixture was incubated on ice for 30 min, heat 
shocked for 90 s at 42°C and then again incubated on ice for 3 min. 900 μl of room 
temperature LB liquid medium was gently added to the tube, and the cells were 
allowed to recover for 90 min at 37°C in a rotary shaking incubator with horizontal 
shaking. After incubation the mixture was centrifuged at 4000 rpm for 4 min at room 
temperature, and approx. 900 μl of the supernatant was removed by pouring off. For 
pGEMT ligations 20 μl of 1M IPTG (stock in water) and 20 μl of 40 mg/ml X-Gal 
(stock in DMSO) were added to the leftover supernatant which was then used to 
resuspend the cells and spread onto LB agar plates containing Ampicillin antibiotic 
(100 mg/ml stock in water) at a final concentration of 100 μg/ml. On the other hand, 
for pJET ligations the leftover supernatant was directly used to resuspend the cells 
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and spread onto LB agar plates containing Ampicillin. The plates were allowed to air 
dry and incubated overnight at 37°C. 
 
2.1.4 Clone verification and extraction from bacterial cells 
 
To select for positive clones, colonies (white colonies for pGEMT ligation) were 
dissolved in 6μl of sterile water. 2μl of this solution was taken for PCR screening. A 
20 μl PCR reaction was setup using the following reaction composition and condition. 
The PCR products were loaded onto a 1% agarose gel (w/v) containing nucleic acid 
fluorescent dye and the gel was viewed with the gel documentation system. 
 
                     Condition            Composition 
      Denaturation    94°C – 4 min    Colony -  2.0 μl 
      Denaturation    94°C – 45 s    Buffer (10X) – 2.0 μl 
      Annealing        60°C – 30 s  * 30 cycles  dNTPs  – 0.5 μl 
      Extension        72°C – 55 s    F.P. (10 μM) – 0.5 μl 
      Extension        72°C – 10 min    R.P. (10 μM) -  0.5 μl 
      Hold               16°C - ∞     DNA Pol – 0.2 μl 
              Water  -14.3 μl 
           20.0 μl 
 
Colonies showing band of correct size were inoculated using the leftover 4 μl of 
diluted colony in 3ml LB medium with Ampicillin as selection marker. The cultures 
were incubated over night (16h -18h) at 37°C with constant shaking.  
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Properly grown cultures were centrifuged at 10000 rpm for 5 min and the bacterial 
cell pellets obtained after discarding the supernatant were used for plasmid extraction 
using the Wizard® Plus SV Miniprep kit (Promega, USA) according to the 
manufacturer’s protocol. 
 
2.1.5 DNA sequencing and sequence alignment analysis 
 
The extracted plasmids were sequenced to check the integrity of the gene of interest. 
DNA sequencing was done using the dideoxy method (Sanger et al., 1977) utilizing 
ABI PRISM BigDyeTM Terminator v3.0 Ready Reaction Cycle Sequencing Kit 
(Applied Biosystems, USA). The cycle sequencing amplification profile was: 
 
96°C - 10 s 
50°C -  5 s       * 25 
60°C – 4 min 
       4°C -  ∞ 
 
In a 5 μl total reaction volume, the cocktail was prepared with the following 
proportions: 1 μl of 100-200 ng/μl purified plasmids, 0.5 μl of 10 µM primer stock, 2 
μl BigDyeTM v3.0 and 1.5 μl water to make the final reaction volume as 5 μl. Vector 
specific primers were used for sequencing the full length gene. 
 
Further, the sequencing PCR product was subjected to precipitation in order to 
remove unincorporated dye, nucleotides, salts and contaminants. The PCR product 
was transferred to 1.5 ml eppendorf and mixed with 80 μl of the precipitation solution 
composed of 14.5 μl sterile water, 62.5 μl 95% ethanol and 3 μl Sodium acetate (3M; 
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pH 4.5). The mixture was given a brief vortex and then left at RT for approx. 30 min 
for the DNA to precipitate. After incubation it was centrifuged at 14,000 rpm for 20 
min to facilitate precipitation. The precipitate was generally invisible hence the 
orientation of the eppendorf tube was noted. After centrifugation the supernatant was 
pipette out making sure not to touch the precipitate. Subsequently the precipitate was 
washed with 250 μl of 70% ethanol by vortexing and then again centrifuged at 14,000 
rpm for 5 min keeping the eppendorfs in the same orientation as before. The 
supernatant was removed and finally the pellet was dried by keeping it at 60°C for 3-4 
min. The dried pellet was then resuspended in 15 μl of Hi-Di Formamide by vortexing 
and centrifuging and finally loaded in a sequencing plate and placed in an ABI 
PRISM® 3100 DNA Sequencer (Applied Biosystems, USA). 
 
Sequence data was analyzed using the Chromas Lite software 2.01 (Technelysium Pty 
Ltd). The actual gene sequences were obtained from TAIR database and then the 
alignment was done using the Align tool in NCBI BLAST 
(http://blast.ncbi.nlm.nih.gov/Blast.cgi).   
 
2.1.6 Sub cloning in Subsequent Vectors 
 
The genes once sequence confirmed, were then sub cloned into different vectors 
depending upon the experimental requirements.  
The protein expression plasmids used during the study included:- 
 pGEX-6p-1 (GE Healthcare, UK), having a Glutathione-S-Transferase protein 
(26.5 kD) tag followed by Precision protease cleavage site at N-terminus of the 
protein of interest. BamHI and XhoI were used for cloning. Clones were selected 
for Ampicillin resistance. 
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 pET32a (Novagen, USA), without the Thioredoxin and S tag and also the 
enterkinase cleavage site, namely pET M (Courtesy: Prof. H. Mok’s Lab). It has a 
6x His tag and a thrombin cleavage site at the N-terminus. BamHI and XhoI were 
used for cloning. The vector has Ampicillin resistance marker.  
 pET22b (Novagen, USA), having a signal peptide sequence at the N-terminus for 
secreting out the expressed protein in the periplasmic space and a 6x His tag at C-
terminus of the protein of interest. NdeI along with XhoI were used for cloning 
which got rid of the signal peptide sequence, thereby preventing secretion of the 
recombinant protein. The vector has Ampicillin resistance. 
 pET DUET (Novagen, USA), for co-expression of two target genes and hence has 
two independent expression cassettes. BamHI (with addition of 1 nucleotide, to 
avoid frame shift) and SalI were used to clone in MCS1 having a 6x His tag at N-
terminus. NdeI and XhoI were used for cloning in MCS2. The clone was selected 
over Ampicillin.  
 MBP tag vector, has a MBP (Maltose Binding Protein) tag of 42kD, a 6x His tag 
and a TeV protease cleavage site at the N-terminus of the protein of interest. It 
involved ligation independent cloning (LIC), hence required amplification of the 
fragments using primers with overhanging sequences: F.P.: 5’ CCA GGG AGC 
AGC CTC G < gene sequence> and R.P.: 5’ GCA AAG CAC CGG CCT CGT TA 
<gene sequence>. Selection of clones was done using Ampicillin. 
 pPICZαA vector was used for expression in P.pastoris. It has a signal peptide at 
the N-terminal and a 6x His tag at the C-terminal. The signal peptide would result 
in secretion of protein into the media. KpnI and XbaI were used for cloning and the 
clones were selected over Zeocin    
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Plasmids used for yeast-two hybrid assay were:- 
 pGADT7 (Clontech, USA) containing activation domain and a HA tag at N 
terminal of the protein. NdeI and BamHI were used for cloning and the clones 
were selected for Ampicillin resistance. 
 pGBKT7 (Clontech, USA) containing binding domain and a Myc tag at N terminal 
of the protein. NdeI and BamHI RE used for cloning and the clones were selected 
for Kanamycin resistance. 
 
Plasmids used for plant transformations and GFP localization was:- 
 35S:MCS-6xHA containing 35S CaMV promoter and 35S terminator. A 6X HA 
tag is present at 3’ to the gene of interest. XhoI and SpeI were used for cloning and 
clones were selected over Kanamycin. 
 35S:MCS-GFP containing 35S CaMV promoter and 35S terminator. The GFP tag 
is present at the 3’ end to the gene of interest. XhoI and SpeI were used for cloning 
and clones were selected over Kanamycin. 
 
Plasmids used for BiFC analysis included:- 
 pSAT1-nEYFP-N1 containing the 35S constitutive promoter with the gene of 
interest at the N-terminus of nEYFP. SalI and BamHI (both with addition of 2 
nucleotides, to avoid frame shift) were used for cloning. Selection was done using 
Ampicillin. 
 pSAT1-cEYFP-N1 containing the 35S constitutive promoter with the gene of 
interest at the N-terminus of cEYFP. SalI and BamHI (both with addition of 2 
nucleotides, to avoid frame shift) were used for cloning. Selection was done using 
Ampicillin. 
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 pSAT1-nEYFP-C1 containing the 35S constitutive promoter with the gene of 
interest at the C-terminus of nEYFP. SalI and BamHI were used for cloning 
purposes and the clones were selected over Ampicillin. 
 pSAT1-cEYFP-C1-B containing the 35S constitutive promoter with the gene of 
interest at the C-terminus of cEYFP. SalI and BamHI were used for cloning 
purposes and the clones were selected over Ampicillin. 
 
The cloning procedure involved digesting out the gene of interest from TA vector 
clone as well as digestion of the required vector using same REs. Restriction enzymes 
used were either FastDigest® (Thermo SCIENTIFIC, USA) or conventional 
restriction enzymes (New England Biolabs, UK). For NEB enzymes, buffer 
compatibility for both enzymes was checked for a double digestion reaction using 
Double Digest Finder (http://www.neb.com/nebecomm/DoubleDigestCalculator.asp). 
The incubation time for NEB enzymes was 1.5h - 2h whereas, for FastDigest it was 
20 – 30 min.  
 
                                      DNA    -   1 μg - 1.2 μg 
                                      Buffer  -   2 μl 
                                      BSA     -   1 μl 
                                      RE 1     -   1 μl 
                                      RE 2     -   1 μl 
                                      Water    -   to make up 
                                                      20 μl  
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The digested products were then mixed with 3 μl of 6X DNA loading dye and loaded 
onto 1% TAE agarose gel containing nucleic acid flourescent dye (dil. 1:20,000). The 
gel was run using 1X TAE buffer and finally viewed under ultraviolet light using the 
gel documentation system. Bands of expected size were excised using a sharp razor 
blade and then DNA was extracted using QIAEX ® II Gel Extraction kit (QIAGEN, 
Germany). The concentration of the eluted products was determined and ligation 
reaction was setup in 3:1 molar ratio of insert:vector. 1 μl of 10X ligation buffer and 1 
μl of T4 DNA Ligase (New England Biolabs, UK) was added to the reaction mix 
along with water to make up the reaction volume 10 μl and incubated over night in 
16°C water bath. For rapid ligation, Rapid DNA Ligation kit (Thermo SCIENTIFIC, 
USA) was used, according to which 2 μl of 5X ligation buffer and 1 μl of T4 DNA 
Ligase were added along with water to a final volume of 10 μl and incubation was 
done at room temperature for 15 – 30 min.  
 
The aforementioned digestion and ligation strategy was applicable for cloning in all 
the vectors used except MBP tag vector. Ligation independent cloning (LIC) 
procedure was followed for cloning in this vector. The vector was first digested with 
SacII enzyme (NEB, UK) for 3h at 37°C as followed:- 
 
                                     DNA                 –  15 μl 
                                     Buffer 4 (NEB)    -  2 μl 
                                     BSA                    -   2 μl 
                                     SacII                    -  1 μl 
                                                                   20 μl 
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Subsequently, the linearized vector and the PCR product (generated with overhangs) 
were treated with T4 DNA polymerase (NEB, UK) for 30 min at 22°C and for another 
20 min at 75°C to create sticky ends. The concentration of PCR product used was 
optimized to 20 ng/μl, since higher concentrations did not yield positive clones:- 
 
 DNA                   -   10   μl 
 Buffer 2 (NEB)   -    2    μl 
 BSA                    -    2    μl 
 DTT (100 mM)   -    0.5 μl 
 dNTP (2.5 mM)  -    2    μl (dATP – insert; dTTP - vector) 
 T4 DNA pol.      -    1    μl 
 Water                  -    2.5 μl 
           20    μl 
 
Finally, 1 μl of vector and 2 μl of insert was mixed and incubated at room temperature 
for 15 - 30 min for ligation and the reaction was stopped by adding 1 μl of 25mM 
EDTA.The ligation mix was added to chemically competent E.coli DH5α cells and 
transformed. The clones were selected on LB Agar plates containing respective 
antibiotics. Colonies were screened for the presence of correct inserts as mentioned 
earlier and the positive clones were inoculated in LB broth with antibiotics. Following 
plasmid extraction further verification of the clones was done by sequencing and 
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2.1.7 Site-directed mutagenesis (SDM) 
 
Forward and reverse primers were designed for the nucleotide region to be mutated 
with the desired changes. The primers were designed in such a manner that the 
changed nucleotide lies in the middle of the primer with equal number of nucleotide 
on either side. For all SDM reactions pGEMT or pJET clones have been used as 
template to avoid any non-specific mutation in the vector backbone of interest. The 
mutation PCR was set up as follows:- 
 
                   Condition            Composition 
      Denaturation    95°C – 2 min   DNA              -     2.0 μl 
      Denaturation    98°C – 20 s   Buffer (5X) – 10.0 μl 
      Annealing       60°C – 15 s  * 16 cycles dNTPs  –   1.5 μl 
      Extension        72°C – 2.15 min   F.P.  –   1.5 μl 
      Extension        72°C – 5 min   R.P.  -    1.5 μl 
      Hold               16°C - ∞    DNA Pol -    1.0 μl 
             Water  -  14.3 μl 
            20.0 μl 
 
The PCR product was then used for DpnI treatment. 
    PCR                 -    10 μl 
    Tango Buffer    -      5 μl 
    DpnI                -      1 μl 
    Water               -    34 μl 
            50 μl 
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After this the reaction was subjected to heat inactivation for 20 min at 80 °C. And 
then 9 μl of digested product was used for rapid ligation and finally transformed. 
 
2.2 RECOMBINANT PROTEIN EXPRESSION AND 
PURIFICATION IN E. COLI  
 
The protein expression vector clones were introduced into E. coli BL21 (DE3) and 
plated on antibiotic containing LB Agar plates. Single colonies were then used for 
further expression purposes. 
 
2.2.1 Expression and solubility optimization in small-scale cultures  
 
A single colony was inoculated in 5 ml LB containing antibiotic and grown overnight 
at 37°C with shaking. The next day, 100 ml LB with antibiotic was inoculated using 2 
ml overnight grown culture and grown for another 1.5h – 2h at 37°C with shaking 
until O.D.600  reached 0.6 - 0.8. Then the culture was divided into equal parts and 
transferred to sterile conical flasks or 50 ml falcon tubes. Further, a combination of 
different IPTG concentrations (100 μM, 200 μM, 500 μM, etc.) and different 
temperature conditions (16°C, 20°C, 25°C and 37°C) were screened to check for 
maximal expression. An uninduced control was kept at each temperature condition to 
check for leaky expression. After 18h – 20h of induction at lower temperatures or 
after 6h – 8h of induction at 37°C the cells were harvested by centrifugation at 8000 
rpm for 10 min at 4°C for analyzing the expression. The pellet was resuspended in 2 
ml of lysis buffer [50 mM Tris (pH 7.5), 250 mM NaCl, 10 mM βME and 5% 
glycerol], kept in ice and sonicated for 2 min with a pulse of 1s on 1s off.  It was then 
centrifuged at 13000 rpm for 20 min at 4°C and the supernatant obtained was 
transferred to separate eppendorfs.  
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For checking the expression and solubility of the protein at different IPTG and 
temperature conditions tested, SDS-PAGE was performed. 4-5 μl of supernatant was 
mixed with 7-8 μl of water and 3 μl of 5X SDS loading buffer. For preparing pellet 
samples, a pinch of pellet was resuspended in 25 μl of 1% SDS solution and boiled at 
100°C for 10 min. Subsequently, it was centrifuged at 13000 rpm for 5 min at room 
temperature and 4-5 μl of the supernatant was used for sample preparation in the same 
manner. Finally, all the samples were boiled at 100°C for 5 min and fractioned on 
12% SDS-PAGE gel (Laemmli 1970). After electrophoresis, the gel was stained using 
Coomassie Brilliant Blue G 250 solution. Following staining, the gel was destained 
by either using the destaining solution or by boiling the gel in water and finally 
viewed using white light transilluminator. The IPTG concentration and temperature 
condition giving maximal expression in the soluble fraction was selected for large-
scale expression purposes. 
 
2.2.2 Large-scale expression and purification of recombinant proteins 
 
For large-scale expression of protein of interest, 25 ml overnight culture per litre of 
LB medium to be inoculated was grown at 37°C with shaking. The next day, bigger 
cultures were inoculated and grown for 1.5h – 2h at 37°C until O.D.600  reached 0.6 - 
0.8. The cultures were taken out and left in laminar for some time before induction for 
reducing the temperature of the media. Simultaneously, the shaker temperature was 
also adjusted to 20°C and allowed to cool down. The cultures were then induced with 
200 μM IPTG and shaken overnight at 20°C. After 18h – 20h of induction, the cells 
were harvested by centrifugation at 8000 rpm for 15 min. The cell pellets were either 
stored at -80°C for future use or resuspended in lysis buffer for immediate lysis. 
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The lysis buffer consisted of 400 mM NaCl, 50 mM Tris (pH 7.5), 5% glycerol, 10 
mM β-ME. A final concentration of 5 mM imidazole was added to the buffer for 
purification of His tagged proteins (adjust pH after adding inidazole).  For affinity 
purification, 1L cell pellet was resuspended in 30 ml of cold lysis buffer. A protease 
inhibitor cocktail tablet (Roche, Switzerland) and 1 mM PMSF was added to the 30 
ml buffer to prevent any nonspecific proteolysis. Further, it was kept in ice and given 
2 sonication cycles of 5 min each with a pulse of 1s on 1s off. The cell lysate was then 
centrifuged at 18000 rpm for 30 min at 4°C. The supernatant was transferred to a 
gravity-flow chromatography column containing respective resin [Ni-NTA 
(QIAGEN, Germany) for His tag, Glutathione Sepharose 4B (GE Healthcare, UK) for 
GST tag and Amylose (New England Biolabs, UK) for MBP tag] pre-equilibrated 
with lysis buffer. They were then incubated for 1.5h – 2h at 4°C on a rocker with 
gentle shaking to allow the fusion protein to bind to the resin. After incubation, the 
flow-through was removed and the resin was washed 3 times with the same lysis 
buffer by incubating on rocker for 20 min each time. Final concentrations of 15 mM, 
20 mM and 25 mM imidazole was included in the wash buffers for His tag 
purification. Finally, the fusion proteins were either eluted using elution buffer – lysis 
buffer + 400 mM imidazole for His tag; lysis buffer + 20 mM reduced glutathione for 
GST tag (adjust pH after adding adding reduced glutathione) and lysis buffer + 10 
mM maltose for MBP tag – or kept for on-column cleavage overnight for GST fusion 
proteins only. For on-column cleavage, 500 μl of non-commercial Precission protease 
(a gift from Prof. J. Sivaraman Lab, DBS, NUS) was mixed with lysis buffer and 
added to the resin containing the fusion protein and kept in 4°C without shaking.  
Subsequently, the eluted as well as the overnight cleaved protein was subjected to size 
exclusion chromatography using an AKTA FPLC system (GE Healthcare, UK). The 
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chromatography column was pre-equilibrated with the storage buffer of the protein. It 
consisted of 250 mM NaCl, 50 mM Tris (pH 7.5), 10 mM βME and 5% glycerol. The 
peak for the protein of interest was selected based on the elution profile of the 
standard proteins and further confirmed by SDS PAGE. 
 
2.3 PHYSICAL CHARACTERIZATION OF THE PROTEIN 
 
The purified protein was concentrated using amicon ultra centrifugal filters (MERCK 
MILLIPORE, USA). Protein concentration was estimated using Bradford protein 
assay reagent. 500 μl of Bradford reagent was diluted with 500 μl of water in a 
cuvette and to this 1 μl of protein sample was added and mixed. Blank is prepared in a 
similar manner except for the protein sample. The absorbance was measured at 
O.D.595 and protein amount was estimated using BSA standard curve. The 
concentrated protein was then used for further studies. 
 
2.3.1 Peptide Mass Fingerprinting (PMF) and Electrospray 
Ionization Mass Spectrometry (ESI-MS) 
 
The purified and concentrated protein was run on SDS gel and the band was excised 
with a sharp razor and submitted to Protein and Proteomics Centre, DBS, NUS for 
PMF for further confirmation. Simultaneously, an aliquot was used for ESI-MS for 
obtaining the exact mass of the protein. 
 
2.3.2 Circular Dichroism (CD) 
 
A far UV spectrum (260–190 nm) of the protein was measured using a Jasco J810 
spectropolarimeter (Jasco, USA) at room temperature using 0.1 cm path length, 
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stoppered cuvettes. A total of three scans were recorded and averaged for each 
spectrum, and the baseline was subtracted. 
 
2.3.3 Dynamic Light Scattering (DLS) 
 
The DLS instrument was used to verify the homogeneity of the protein sample and 
occurrence of any aggregation as the protein was concentrated. The water count was 
checked before each sample was tested to ensure that the cuvette was clean. 
 
2.3.4 Crystallization and Nuclear Magnetic Resonance (NMR) 
attempts  
 
Protein at 3 different concentrations viz. 4, 8 and 10 mg/ml were aliquoted and used 
for crystallization trials. Around 700 commercial crystallization conditions were 
screened manually, using hanging drop method. 
 
A protein aliquot was also used for 1D NMR scanning. 450 μl of 200 μM 
concentration was mixed with 50 μl of D2O, transferred to NMR tube and used for 
scanning. 
 
2.4 YEAST-TWO HYBRID ASSAY 
 
The yeast-two hybrid assay was performed using Yeastmaker Yeast Trasformation 
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2.4.1 Media Preparation 
 
Stock solutions of the following were prepared: -  
i) 10X Quadruple drop-out (QDO): - The recommended amino acids were mixed in 
the indicated concentrations and autoclaved. 
ii) 10X SD medium with glucose (SD-Glu): - 6.7 g of yeast nitrogen base without 
amino acids (BD, USA) was combined with 5 g of dextrose in 100 ml water and 
filter sterilized. 
iii) 10X Histidine: - 20 mg of His was added to 100 ml water and filter sterilized.  
iv) 0.2% adenine hemisulfate: - 200 mg of adenine hemisulfate was mixed with 100 
ml water and filter sterilized.  
All the stocks were stored in 4°C for future use.  
 
For drop-out media plates, 2.5% bacto agar was prepared in water and autoclaved, but 
the volume of water added was reduced according to the volume of stock solutions to 
be added at the time of pouring plates. After the agar solution was cooled down to ≈ 
55°C, appropriate stock solutions were added, for eg: - for 100 ml, 10 ml SD-Glu + 10 
ml QDO for quadruple drop-out plates, 10 ml SD-Glu + 10 ml QDO + 1.5 ml adenine 
for triple drop-out (TDO) plates and 10 ml SD-Glu + 10 ml QDO + 10 ml His + 1.5 
ml adenine for double drop-out (DDO) plates. The media once hardened were stored 
at 4°C for future use. 
 
For yeast inoculation, 1% yeast extract and 2% peptone were mixed with water and 
autoclaved. After cooling down, a final concentration of 2% dextrose (40% stock) and 
0.003% adenine (0.2% stock) were added to the media. The volume of media was 
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decided based on the number of interactions to be tested. 100 ml culture would give 
1.2 ml of competent cells, which could be used for 30 interactions (40 μl/interaction).  
 
2.4.2 Yeast competent cell preparation and transformation  
 
Yeast competent cell preparation and transformation was done as per manufacturer’s 
protocol except for the YPD Plus Medium addition step and resuspension in 0.9% 
NaCl. Only 200 μl of YPD Plus medium was used for resuspension instead of 1 ml. 
Similarly, the final resuspension in NaCl was done in 50 μl and 10 μl drops were 
placed on DDO, TDO and QDO plates. The plates were incubated at 30°C for 3-4 d 
and then observed. 
 
2.5 GFP LOCALIZATION AND BIMOLECULAR 
FLUORESCENCE COMPLEMENTATION (BIFC) 
 
2.5.1 Protoplast isolation, transfection and confocal microscopy 
 
Yoo et al., (2007) protocol was followed for protoplast isolation and PEG-calcium 
mediated transfection of plasmid DNA with minor adjustments. 200 x g was used for 
3 min for pelleting protoplasts instead of the recommended speed of 100 x g for 1-2 
min. Similarly the transfection time was increased to 20 to 30 min. For BiFC, both the 
constructs were cotransfected together. Confocal microscopic images were obtained using 
a Carl Zeiss Axiovert 200M confocal laser microscope (http://www.zeiss.de/axiovert200). To 
detect GFP or YFP (for BiFC), samples were excited at 488nm, and one channel was 
configured between 505 and 530nm. Chlorophyll autofluorescence was detected with a 
channel configured with a high pass filter at 650nm. 
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2.6 GENERATION OF TRANSGENIC PLANTS 
 
2.6.1 Plant material and growth conditions 
 
Arabidopsis thaliana ecotype Columbia (Col-0) was used for all the plant studies. The 
seeds were stratified at 4°C for 4-5 days after sowing. All Arabidopsis plants were 
grown at 22°C under long days (16 h light/8 h dark).  
 
2.6.2 Preparation of Agrobacterium tumefaciens competent cells 
 
The Agrobacteria tumefaciens GV3101 strain is used in our lab for making 
electroporation-competent cells. Single colony of A. tumefaciens cells was inoculated 
into 1.5 ml of LB medium and incubated at 28°C for 12 h with vigorous shaking. A 
500 μl aliquot of the overnight culture was transferred to 100 ml fresh LB medium 
and cultured at 28°C until OD600 reached 0.6. The culture was cooled on ice for 10 
min and then centrifuged at 3000 rpm for 10 min at 4°C. The pellet was gently 
resuspended in 32 ml of ice-cold sterile H2O, placed on ice for 10 min, and 
centrifuged for 10 min at 4°C. The cell pellet was gently re-suspended again in 8 ml 
of fresh ice-cold sterile H2O and placed on ice for 10 min. 50 μl of cell suspension 
was aliquoted into a pre-chilled 1.5 ml tube. The tubes were then quick-frozen by 
liquid nitrogen, and kept at -80°C for long term storage up to several months without 
dramatic decrease of competency. 
 
2.6.3 Plasmid introduction into A. tumefaciens competent cells 
 
A tube of frozen GV3101 competent cells was thawed and 1-2 μl of purified plasmid 
was pipetted into the tube and mixed sufficiently by gentle tapping of the tube. The 
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mixture was transferred into a 1 mm Gene Pulser® cuvette (Bio-Rad) and subject to 
electroporation at 25 μF, 2.5 kV, 200Ω. The electroporated bacteria containing the 
plasmid were then transferred back to the same eppendorf and 1 ml LB medium was 
added and allowed to recover for 3 h with shaking at 28°C. Finally, 20-50 μl of the 
recovered bacteria were taken and spread evenly onto an LB agar plate containing 
25μg/ml gentamycin (25 mg/ml stock in water), 10 μg/ml tetracycline (10 mg/ml 
stock in 50 % ethanol) and 40 μg/ml rifampicin (40 mg/ml stock in DMSO) for the 
selection of the GV3101 strain and a specific antibiotic for the selection of the 
plasmid. For pGreen-based plasmids, 100 μg/ml kanamycin (100 mg/ml stock in 
water) was used. The plate was incubated for 2-3 days at 28°C. The colonies were 
verified by PCR and the confirmed colonies with the transgene were grown for 
subsequent floral dip. 
 
2.6.4 Floral Dip  
 
Agrobacterium-mediated floral dip method was established previously (Clough and 
Bent 1998). A single colony confirmed for the transgene was inoculated overnight in 
4 ml LB medium with the required antibiotics and incubated at 28°C for 2 days with 
shaking. Half-strength antibiotics were also used if the culture was desired to grow in 
24 h. After 2 days of growth, a 250 ml LB medium was inoculated with the 4 ml 
culture; appropriate antibiotics were added and incubated as mentioned earlier. 
Subsequently, after 2 days, the cells were pelleted at 4000 rpm for 15 min at room 
temperature. The cell pellet was re-suspended completely in a solution containing 
0.05% MES (pH 5.7), 5% sucrose and a surfactant Silwet L-77 at a concentration of 
200 μl/L. Flower buds of desired plants that were ready for transformation were 
dipped and submerged in Agrobacterium cell suspension for 1 min. The dipping can 
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be repeated once more. The dipped plants were then covered in a black plastic bag for 
24 h to avoid any photosynthesis to take place and hence allowed the plants to 
recover. The next day, the dipped plants were transferred to normal growth conditions 
and their seeds were later collected as T1 generation. 
 
2.6.5 Plant selection 
 
All the T1 generation seeds obtained were sown by sprinkling and stratified at 4°C in 
cold room for 4-5 days. Subsequently, they were transferred to normal growth 
conditions and selection was done by spraying 0.2% BASTA after the emergence of 
the first rosette leaf. A second spray was done about 8-10 days after the first one to 
test the ones which might have escaped the first round of spray. 
 
2.6.6 Genotyping in T1 and T2 generations 
 
A PCR-based genotyping method was performed on all the T1 survivors after 2 
rounds of BASTA spray for confirming the successful integration of the construct into 
the plant genome. One of the two primers used for PCR was specific to the vector 
backbone and other one to the insert. The PCR reaction to amplify the construct was 
set up using plant genomic DNA as the template. 
 
For genomic DNA, 1-2 leaf samples were used from the survivors and extraction was 
done using Dellaporta extraction method. The buffer composition is 100 mM Tris (pH 
8.0), 50 mM EDTA (pH 8.0), 500 mM NaCl and 10 mM β-ME. Based on the number 
of samples, the amount of buffer was calculated, as 350 μl of buffer was used for each 
sample. The buffer was taken in a falcon tube and β-ME was added to a concentration 
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of 1.5 ml/L. It was then aliquoted into eppendorfs and they were incubated at 60°C for 
10 – 15 min in order to activate the buffer. The leaf samples were cut and put directly 
into the buffer without the use of liquid N2 and ground using pestles. The ground 
samples were once again incubated at 60°C for 15 min with vortexing once in 
between for complete dissociation of the tissues. To this, 125 μl of potassium acetate 
(KOAc) was added, mixed by vortexing and the samples were incubated on ice for 5-
10 min. They were centrifuged at 14000 rpm for 8 min at room temperature and the 
supernatant was transferred to a fresh eppendorf. 900 μl of 100% ethanol was added 
to each tube, mixed and incubated on ice for 30 min. The sample was again 
centrifuged at 14000 rpm for 8 min (room temperature) and the supernatant was 
discarded. The DNA pellets were then allowed to air dry or kept at 60 °C for 5 min to 
get rid of residual ethanol .Finally, the pellets were resuspended in 30 µl water by 
heating at 60 °C and then vortexing. 
 
The confirmed plants were allowed to grow whereas the negative ones were removed 
to avoid mixing of seeds during collection. The seeds from each positive plant were 
collected separately as each one is an individual line. About 10-12 seeds from each 
plant/line were sown for T2 generation. BASTA was sprayed at 2-4 leaf stage and the 
survivors were further confirmed by genotyping PCR. 1 plant per line was selected for 
seed collection to avoid variation in subsequent experiments. The seeds collected 







  Materials and Methods 
  P a g e  | 56 
2.7 FUNCTIONAL ASSAYS 
 
2.7.1 Surface sterilization of seeds and placing them on MS plates 
 
The seeds were taken in an eppendorf and soaked in 100 μl of water for 5 min. They 
were then treated with 70% (v/v) ethanol for 2 min followed by 10% (v/v) 
commercial Chlorox bleach for 5 min. Finally, they were washed with water 5 times 
to get rid of residual ethanol and bleach. The surface sterilized seeds were then placed 
onto MS plates. 
 
1X MS, 1% sucrose, 0.05% MES (pH 5.7) and 0.5% gelrite was used for preparing 
MS plates unless stated otherwise. The sterilized seeds were kept and the plates were 
incubated in dark at 4°C for 3 days for stratification and then transferred to a tissue 
culture room set at 22°C with 24 h constant white light. 
 
2.7.2 RNA extraction and cDNA synthesis 
 
Three 10 day old light grown seedlings were snap frozen in an eppendorf in liquid N2 
and RNA extraction was done using TRIzol® reagent (life technologies, USA). The 
seedlings were homogenized with eppendorf pestles in liquid N2 and 300 μl of TRIzol 
reagent was added. The samples were thoroughly vortexed and left at room 
temperature for 5-10 min and then 160 μl of chloroform was added to the sample. 
They were shaken vigorously by hand and again incubated for 2-3 min at room 
temperature. They were then centrifuged at 12000 x g for 15 min at 4°C. Following 
centrifugation, the mixture separated into a lower phenol-chloroform phase, an 
interphase and a colorless upper phase. RNA was present in the upper aqueous phase. 
The aqueous phase was transferred to a fresh 1.5 ml eppendorf and 150 μl of 
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isopropyl alcohol was added to it.  The samples were then incubated on ice for 30 min 
and then centrifuged at 12000 x g for 10 min at 4°C. The supernatant was discarded 
and RNA pellet was washed with -20°C cold 75% ethanol prepared with DEPC 
treated water. The samples were tapped gently after adding ethanol and then 
centrifuged at 7500 x g for 5 min at 4°C. The supernatant was poured off and the 
RNA pellet was air dried for 10-15 min and then resuspended in 20 μl of DEPC 
treated water by keeping it on 60°C heat block for 2 min and then vortexing and 
centrifuging a few times.  
 
RNA concentration was checked and a minimum of 500-600 ng of RNA for each 
sample was used for cDNA synthesis. The cDNA was synthesized using Maxima 
First Strand cDNA Synthesis kit (Thermo SCIENTIFIC, USA) as per manufacturer’s 
protocol. 
 
2.7.3 Quantitative Real-time PCR (qRT-PCR) 
 
The qRT-PCR analyses were performed using ‘StepOne™ Real-Time PCR Systems’ and 
analysed using the ‘StepOne™ Software’ (v2.1; Applied Biosystems). Denaturation at 95°C 
for 10 min, followed by 40 cycles of denaturation at 95°C for 15s and 
annealing/extension at 60°C for 1min. The cDNA was diluted 5X and each reaction 
was set up in technical duplicates i.e. 2 reactions for the target gene and 2 for the 
internal control from the same diluted cDNA pool. The experiment was confirmed by 
using a biological replicate. The composition of the reaction is: - 3.6 μl water, 1 μl 
cDNA, 0.2 μl of each primer and 5 μl of ‘KAPA SYBR®FAST qPCR Kit’ (KAPA 
Biosystems). The amplification of TUB2 gene was used as an internal control to 
normalize the data. The threshold cycle (CT) value was automatically calculated 
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based on the changes in fluorescence of SYBR Green dye in every cycle monitored by 
the system software. Taking TUB2 as an example, the difference between the cycle 
threshold (Ct) of the target gene and the Ct of TUB2 (ΔCt = Cttarget gene - Cttubulin) was 
used to obtain the normalized expression of target genes, which correspond to 2-ΔCt. 
The specificity of real-time primers was evaluated by examining the plot of 
dissociation curve for any abnormal amplification or bimodal dissociation curve.  
 
2.7.4 Root elongation assay 
 
20 seeds each of wild-type and hextuple knock-out were screened for the root length 
inhibition over 4 different concentration of 6-benzyl aminopurine (6-BA) viz 5 nM, 10 
nM, 50 nM and 100 nM. A 100 mM 6-BA stock was prepared in 100% DMSO and 
diluted accordingly to get final concentrations of 5 μM, 10 μM, 50 μM and 100 μM in 
0.1% DMSO. These stocks were added to MS solution in a ratio of 1:1000 (v/v) to get 
the final concentrations. Similarly, 0.1% DMSO stock was added in the same ratio to 
get the control plates. MS plates were prepared as mentioned earlier except for the 
difference that 0.6% gelrite was used and the plates were supplemented with different 
concentration of 6-BA or 0.1% DMSO as control. The seeds were surface sterilized 
and placed on MS plates, which were stratified in dark at 4°C. After 3 days, the plates 
were vertically placed at 23°C with constant light conditions. The position of roots 
was marked on the plates on day 4, from the day they were kept in light. Another 
marking of roots was done on day 9 and finally photographed on day 10. The root 
growth between day 4 and day 9 was measured using Image J software (NIH). The 
values were averaged out and 10 nM BA concentrations showed most significant 
differences between the wild-type and hextuple and hence used for testing the 
transgenics.  
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For transgenics, three transgenic lines per construct were selected based on the 
expression levels of ARR4 gene. The lines with expression levels higher than wild-
type, equal to wild-type and lower than wild-type were chosen and used for the root 
length assay. Three batches of 12-15 seeds each were set up for individual line on 10 
nM BA and 0.1% DMSO plates and root lengths were analysed as described. 2 seeds 
each of wild-type and hextuple knock-out were kept on each plate for comparison.  
 
2.7.5 Cytokinin treatment assay  
 
Wild-type and hextuple knock-out seedlings were grown on horizontal plates for 10 d 
under constant light. The seedlings were then treated in 1X MS, 1% sucrose 
supplemented with 10 nM BA for different durations. Treated seedlings were 
collected after 30 min, 60 min and 90 min and snap frozen. A 0 min time-point was 
also collected as reference. RNA extraction and cDNA synthesis for each time-point 
was conducted and then the expression levels of ARR7 were checked. (The transgenic 
line showing maximal expression for ARR4 was selected and the assay was performed 
as explained above). 
 
2.8 RECOMBINANT PROTEIN EXPRESSION IN YEAST 
(PICHIA PASTORIS) 
 
2.8.1 Preparing pPICZα A with gene of interest for transformation 
 
The construct containing the gene of interest in pPICZα A vector was bulked up in 
order to get 5-10 μg of plasmid DNA. The plasmid DNA was then kept for restriction 
digestion with Sac I enzyme for linearization. About 5 μg of DNA was used in a 50 μl 
reaction with 3 μl enzyme and incubated for 3 h at 37°C. The reaction was stopped by 
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heat inactivation and then DNA precipitation was done using 1/10 volume of 3 M 
sodium acetate and 2.5 volume 100% ethanol. It was incubated on ice for 30 min and 
then centrifuged at 14000 rpm for 20 min. The supernatant was discarded and the 
pellet was washed with 75% ethanol and then air-dried and resuspended in 10 μl 
water. 
 
2.8.2 Preparation of competent cells for electroporation and 
transformation 
 
An overnight 5 ml culture of Pichia pastoris was grown in YPD medium [1% (w/v) 
yeast extract, 2% (w/v) peptone and 2% (w/v) dextrose] at 30º C in a shaking 
incubator. The next day this 5 ml culture was diluted to an A600 of 0.15 to 0.20 in a 
volume of 50 ml YPD in a flask large enough to provide good aeration. The yeast 
culture was grown to an A600 of 0.8 to 1.0 in a 30º C shaking incubator, which will 
take approximately 4 to 5 hours based on the generation time of 100 to 120 min for 
yeast. The culture was then centrifuged at 500x g for 5 min at room temperature and 
the supernatant was poured off. The pellet was resuspended in 9 ml of ice-cold BEDS 
solution [10 mM bicine-NaOH, pH 8.3, 3% (v/v) ethylene glycol, 5% (v/v) (dimethyl 
sulfoxide) DMSO, and 1 M sorbitol] supplemented with 1 ml 1 M dithiothreitol 
(DTT). Various concentrations (0 to 200 mM) of DTT were tested but 1 ml of 1 M 
solution (final concentration 100 mM) yielded the most transformants. The cell 
suspension was incubated for 5 min at 100 rpm in the 30º C shaking incubator. This 
cell suspension was again centrifuged at 500x g for 5 min at room temperature and the 
pellet was resuspended in 1 ml (0.02 volumes) of BEDS solution without DTT. These 
cells are now ready for transformation. To transform mix approximately 4 µl (50 to 
100 ng) of linearized plasmid DNA with 40 µl of competent cells in an 
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electroporation cuvette and incubate on ice for 2 min. The samples were then 
electroporated with Gene Pulser® II electroporator (Bio-Rad Laboratories, Hercules, 
CA, USA) with a cuvette gap of 2 mm, charging voltage of 1500 V, resistance of 200 
Ω and capacitance of 50 µF. Immediately after electroporation the samples were 
resuspended in 0.5 ml 1 M sorbitol and 0.5 ml YPD and was incubated in 30 ºC for 1 
hour. Then plating was done on media containing 200 µg/ml of zeocin for the 
selection of multicopy integrants. After 3-4 days of incubation at 30 °C the colonies 
were restreaked on 500 μg/ml zeocin plates for screening for multicopy integrants and 
incubated again at 30 °C. 
 
2.8.3 Expression of recombinant protein in Pichia pastoris 
 
A colony from the 500 μg/ml zeocin plate was inoculated in 25 ml of YPD medium in 
a 250 ml baffled flask. The yeast cells were grown at 28 to 30ºC in a shaking 
incubator at 250 to 300 rpm. This was continued until the culture reached an OD600 of 
2 to 6, which took approximately 16 to 18 hours (remember to dilute the culture 
before checking the OD600). The cells were then harvested by centrifugation at 1500 
to 3000 x g for 5 min at room temperature. To induce expression, the cell pellet was 
resuspended in BMM (Basic minimal medium) to a final OD600 of 1. The culture was 
then placed in 1 L baffled flask which was covered with 2 layers of sterile gauze. This 
flask was put in the incubator for continuous growth. To induce the expression of the 
protein of interest every 24 hours 100% methanol was added to a final concentration 
of 0.5%. After 4 days the culture was centrifuged at maximum speed in a tabletop 
centrifuge for 5 to 10 min at room temperature and the supernatant was collected. 
This 100 ml of supernatant was then concentrated to 0.5 ml using amicon centrifugal 
filter (Merck Millipore, Billerica, MA, USA) with molecular weight cutoff of 10 kDa. 
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Finally, expression of the recombinant protein was analyzed by western blotting. 
Similar procedure was used for large-scale culture with 250 ml YPD culture pellet 
being resuspended in ~1 L BMM. Finally the entire media was concentrated as 
mentioned above and the volume was reduced to 6 ml. which was then used for SDS 
PAGE. 
 
2.8.4 Western blotting 
 
Aliquots of concentrated media samples containing the protein were resolved on a 
12% SDS-PAGE under reducing conditions and transferred onto a PVDF membrane 
by Trans-Blot SD Semi-Dry Electrophoretic Transfer Cell (Bio-Rad, Hercules, CA, 
USA) using a glycine transfer buffer [192 mM glycine, 25mM Tris-HCl (pH 8.8), 
20% methanol (v/v)]. Before blotting, PVDF membranes were activated by placing it 
in methanol for 2 min. After this the PVDF membrane and the blotting papers were 
soaked in the transfer buffer for 2-5 min. Subsequently, the transfer of the protein was 
carried out at 15 V for 45 min. After this, the membranes were blocked with PBS-T 
(PBS, pH 7.4, 0.1% Tween-20) containing 5% skim milk for 2 h. Subsequently, the 
primary antibody was diluted 1:5000 in PBS-T solution containing 5% skim milk and 
then the PVDF membrane was probed.for 3-4 h. After washing five times with PBS-T 
solution, the membranes were exposed to HRP-conjugated goat anti-mouse IgG 
(1:10,000) in PBS-T solution containing 5% skim milk for 1 h. Subsequently, the 
membranes were washed with PBS-T for five times and the detection was performed 
using the ECL Western Blotting Substrate in accordance with the manufacturer’s 
instructions. 
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3.1 INSIGHT INTO THE PHOSPHORELAY BETWEEN AHP1 
AND ARR4  
 
The study was initiated with the analysis of related pathways involving TCS system 
that have been studied in more detail. It was found that the osmotic stress pathway of 
S. cerevisiae has close parallels to the cytokinin signaling pathway. Subsequent 
investigation revealed that SLN1-R1 – YPD1 protein complex, that are homologous to 
ARR4 and AHP1, respectively, has been crystallized in the presence of BeF3, a 
phosphate analog (Zhao et al., 2008). Consequently, we choose the crystal structure as 
the basis of our study.  
 
3.1.1 Sequence alignment of AHP1 with YPD1 and ARR4 with R1 
domain of SLN1 
 
We then set out to examine the sequence similarity among the homologous proteins 
from two different organisms. For AHP1, full length protein sequences of AHP1 and 
YPD1 were used for alignment. For ARR4, full length protein sequence of ARR4 was 
aligned with the receiver (R1) domain sequence (1086-1221) of SLN1 protein (used 
for crystallization). The alignment of AHP1 with YPD1 highlighted that YPD1 has 14 
additional residues at the N-terminus. Apart from that, both the proteins aligned 
almost completely with a sequence similarity of 39%. Contrastingly, for ARR4 
alignment with SLN1-R1 (labeled as R1-D in the figure 3.1b), R1 domain alignment 
started from 32nd residue of ARR4 at the N-terminal and aligned only upto 172nd 
residue. The C-terminal extension of 87 residues in ARR4 did not find any homology 
with the R1 domain (Figure 3.1a & 3.1b).   
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(a) 
 
AHP1      1 --------------MDLVQKQKSLQDYTKSLFLEGILDSQ--FLQLQQLQDESNPDFVSQ 44 
YPD1      1 MSTIPSEIINWTILNEIISMDDDDSDFSKGLIIQFIDQAQTTFAQMQRQLDGEKNLTELD 60 
                           :::. :.. .*::*.*::: * ::*  * *:*:  * .:     : 
 
AHP1     45 VVTLFFQDSDRILNDLSLSLDQQVVDFKKVDPHVHQLKGSSSSIGAQRVKNACVVFRSFC 104 
YPD1     61 NLGHFLKGSSAALGLQRIAWVCERIQNLGR-KMEHFFPNKTELVNTLSDK--SIINGINI 117 
             :  *::.*.  *.   ::   : ::        * : ..:. :.:   *  .::      
 
AHP1    105 EQQNVEACHRCLQQVKQEYYLVKNRLETLFKLEQQIVASGGMIPAVELGF 154 
YPD1    118 DEDDEEIKIQVDDKDENSIYLILIAKALNQSRLEFKLARIELSKYYNTNL 167 










ARR4     1 MARDGGVSCLRRSEMMSVGGIGGIESAPLDLDEVHVLAVDDSLVDRIVIERLLRITSCKV 60 
R1-D  1086 -------------------------------TSVKILVVEDNHVNQEVIKRMLNLEGIEN 1115 
                                           .*::*.*:*. *:: **:*:*.: . :  
 
ARR4    61 TAVDSGWRALEFLGLDNEKASAEFDRLKVDLIITDYCMPGMTGYELLKKIKESSNFREVP 120 
R1-D  1116 IELACDG-QEAFDKVKELTSKGEN----YNMIFMDVQMPKVDGLLSTKMIRRDLGY-TSP 1169 
             : ..     *  :.: .:..*      ::*: *  ** : *    * *:.. .:   * 
 
ARR4   121 VVIMSSENVLTRIDRCLEEGAQDFLLKPVKLADVKRLRSHLTKDVKLSNGNKRKLPEDSS 180 
R1-D  1170 IVALTAFADDSNIKECLESGMNGFLSKPIKRPKLKTILTEFCAAYQGKKNNK-------- 1221 
           :* :::    :.*..***.* :.** **:* ..:* : :.:    : .:.**         
 
ARR4   181 SVNSSLPPPSPPLTISPESSPPLTVSTESSDSSPPLSPVEIFSTSPLSSPIDDEDDDVLT 240 
R1-D       ------------------------------------------------------------ 
                                                                             
 
ARR4   241 SSSEESPIRRQKMRSPGLD 259 
R1-D       ------------------- 
                            
 
Figure 3.1: Sequence alignment of homologous proteins from S. cerevisiae and 
A.thaliana.  
(a) Alignment of full length AHP1 with full length YPD1. Conserved His highlighted. 




3.1.2 Validation of sequence alignment using yeast-two hybrid assay 
 
The published information had already demonstrated that a truncated construct of 
ARR4 ranging from 16 to 175 amino acids was able to acquire a phosphoryl group in 
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vitro (Imamura et al., 1998). Additionally, ARR4 1-175 construct had shown 
interaction with AHP1 in a yeast-two hybrid assay (Mira-Rodado et al., 2007). Based  
on these studies and the sequence alignment of ARR4 with SLN1-R1, 16 to 175 
amino acid region (denoted as ARR4 (16-175) hereafter) was chosen for further work, 
as it also envelops the region of ARR4 protein that aligned with SLN1-R1 domain. 
Further, for verifying if ARR4 (16-175) construct retains the ability to interact with 
AHP1; a yeast two hybrid assay was adopted. Consequently, cDNAs corresponding to 
full length AHP1, ARR4 and ARR4 (16-175) proteins were cloned in yeast-two 
hybrid vectors containing activation (AD) and DNA-binding (BD) domains.  
 
Previous reports have highlighted AHP1’s ability to show self-activation, when 
present in the binding domain vector. Hence, prior to confirming AHP1 interaction 
with ARR4, this information was cross-verified. For checking the possibility of self-
activation, the two constructs, AD-AHP1 and BD-AHP1, were cotransformed with 
empty BD and AD vectors respectively. The growth was tested on interaction 
selective media in both the cases. As expected, BD-AHP1 showed growth on selective 
media with empty AD vector, thus confirming the published information concerning 
self-activation. However, no growth was observed for AD-AHP1 with empty BD 
vector, thus ruling-out the possibility of self-activation of AD-AHP1. SD-Leu, Trp 
was used as transformation control (Figure 3.2). 
 
Finally, ARR4 and ARR4 (16-175) constructs in BD vector were tested for interaction 
with AHP1. Control reactions for both the constructs with empty AD vector were also 
set up for testing self-activation of ARR4 in BD vector. Both ARR4 and ARR (16-
175) showed interactions with AHP1 on selective media, whereas no growth was 
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noticed for their interaction with the empty AD vector. SD-Leu, Trp showed proper 
























Figure 3.2: Testing self-activation of AHP1 in yeast-two hybrid system 
The constructs were cotransformed in yeast cells and the growth was tested on 
synthetic drop-out (SD) media with appropriate amino acids missing. BD-AHP1 
showed self-activation with empty AD vector SD-Leu, Trp was used for 
transformation control.AD: Gal4 activation domain; BD: Gal 4 DNA-binding domain. 
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SD-Leu, Trp, His, Ade SD-Leu, Trp 
 
Figure 3.3: Full length ARR4 and ARR4 (16-175) showed interaction with AHP1 
in the yeast-two hybrid assay 
Yeast cells were cotransformed with the indicated constructs and the interaction was 
tested by growth on selective media. Empty vector was used to check for self-
activation. Growth on SD-Leu, Trp served as transformation control. AD: Gal4 
activation domain; BD: Gal 4 DNA-binding domain. 
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3.1.3 Homology model of a complex of AHP1 (2-142) with ARR4 (34-
167) 
 
With an attempt to identify the residues of ARR4 involved in interaction with AHP1 
and subsequently in other events related to phosphorylation, we decided to generate a 
homology model of AHP1-ARR4 complex. Full length protein was used for AHP1 
whereas 16-175 amino acid region was used for ARR4 as it has already demonstrated 
to retain the interaction with AHP1 and hence probably the structure. Separate 3-D 
models were generated for both the proteins using SWISS-MODEL software. For 
improving the sequence coverage and percent homology, the software removed 1 and 
12 amino acids from N- and C- termini of AHP1, respectively. Similarly for ARR4 
(16-175), 34 to 167 amino acid region was used by the software for generating the 
model of the protein. Subsequently, a homology model of AHP1 (2-142) – ARR4 (34-
167) was generated by superimposing the individual protein models onto the crystal 
structure of SLN1-R1 - YPD1 with BeF3- (Zhao et al., 2008) (Figure 3.4). The 
structure of AHP1 (2-142) showed the presence of six α-helices, with four of them 
making a helix bundle. On the other hand, ARR4 (32-167) showed the presence of 
five parallel β-sheets in the central position and the five α-helices surrounding them in 
groups of two and three. 
 
3.1.4 Identification of ARR4 amino acids involved in interaction with 
AHP1 
 
A list of amino acids of ARR4 belonging to the interaction interface of AHP1 – 
ARR4 was obtained using CCP4 (Collaborative Computational Project No. 4), an 
integrated suite of programs that help to determine macromolecular structures by X-
ray crystallography and other biophysical techniques. The intermolecular distance 
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between the two proteins was set to 3.8Å and the interacting residues were acquired. 
The interacting side chains (with atoms) of the amino acids from both partners were 
also identified. This served as the basis for the selection of ARR4 amino acids for 
further studies.  
 
  
Figure 3.4: Homology model of AHP1 (2-142) - ARR4 (34-167)  
Global view of the model of the complex of AHP1 (2-142) (depicted in red) – ARR4 
(34-167) (depicted in green).  
(The homology model has been prepared with help from Vidya Oruganti) 
 
 
The number of contacts that each amino acid residue of ARR4 made with different 
atoms of AHP1 was counted and the amino acid residues of ARR4 showing 
maximum number of contacts with AHP1 were selected. It was also checked that  
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which of the identified interaction interface residues of ARR4 were conserved in 
SLN1-R1. As a result; Asp 45 and Arg 51 from 34-60 amino acid region; Tyr 96 and 
Cys 97 from 61-120 amino acid region; and Pro 148 and Lys 150 from 121-167 
amino acid region were short-listed from the list of interaction interface residues of 
ARR4 provided by CCP4 software (Table 3.1) (the six selected residues are 
highlighted in gray in the table). It should be noted that Lys 150 was selected over 
Leu 151 despite having one contact less with AHP1, as Lys 150 was conserved in 
SLN1-R1 and hence could be a potential target residue for further analyses. Five out 
of six amino acids selected were mapped onto the complex homology model to ensure 
that the amino acids are indeed present at the interaction interface of AHP1 - ARR4 
complex (Figure 3.5). Cys 97 was not shown to avoid crowdedness as it is adjacent to 
Tyr 96. 
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Table 3.1: List of contact residues of ARR4 (34-167) from the homology model 
Amino acids corresponds to ARR4 (34-167) residues involved in interaction with 
AHP1 in the homology model. The distances in Å are the intermolecular distances 
between the two proteins for which the contact residues were obtained. The √ sign 
tells that the respective amino acid residue showed interaction with AHP1 for the 
given intermolecular distance. Residues highlighted in gray represent amino acids 
chosen for further analysis. 
 
Amino Acids  No. of contacts with AHP1  Corresponding res. in SLN1-R1  
Asp 41  3  Asp  
Asp 45 14  Asn  
Val 48  1  Val  
Arg 51 25  Arg  
Tyr 96 22  Val  
Cys 97 13  Gln  
Ser 126  1  Ala  
Asn 128  2  Ala  
Pro 148 10  Pro  
Val 149  4  Ile  
Lys 150 4  Lys  
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Figure 3.5: Mapping of selected residues of ARR4 (34-167) onto the homology 
model showed their presence at the interaction interface of AHP1-ARR4 
Five of the six residues highlighted in yellow in table 1 are mapped onto the 
homology model. Cys 97 has not been shown as it is adjacent to Tyr 96. AHP1 is 
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3.1.5 Studying the roles of selected amino acid residues in interaction 
with AHP1 using yeast-two hybrid assay  
 
In order to test the role of individual amino acids in the interaction of ARR4 with 
AHP1 and also to verify the authenticity of the homology model mutation based 
interaction analysis was done. Each of the 6 amino acids selected, were mutated to 
Ala in full length ARR4 using site-directed mutagenesis approach. They were then 
fused to binding domain for testing the interaction with AHP1 in yeast-two hybrid 
system.  Each of the 6 mutant constructs were cotransformed with AHP1, 
individually, and the interaction was tested by selecting the transformed yeast cells on 
amino acid drop-out media. SD-Leu, Trp, His was also along with SD-Leu, Trp, His, 
Ade for the screening of weaker interactions. ARR4D45A and ARR4R51A mutants 
weakened the interaction as they grew on SD medium lacking three amino acids, but 
not on SD medium lacking four amino acids. Similarly, ARR4Y96A has also weakened 
the interaction whereas ARR4C97A has no effect on the interaction. Interestingly, 
ARR4P148A and ARR4K150A single mutations terminated the interaction completely 
(Figure 3.6). The curiosity to study the impact of weakened interaction on 
phosphorylation and hence protein function prompted us to select ARR4D45A from 34-
60 and ARR4Y96A from 61-120 amino acid regions for further analysis. 
 
3.1.6 Comparison of subcellular localization of wild-type and mutant 
versions of full length ARR4 
 
To verify if the mutations had any impact on the subcellular localization of ARR4 
protein, the localization of ARR4D45A -GFP and ARR4Y96A -GFP was compared with 
ARR4-GFP. Arabidopsis mesophyll protoplasts were transfected with the 
corresponding DNA constructs. Subsequently, fluorescence was examined for 
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35S:ARR4-GFP, 35S:ARR4D45A-GFP and 35S:ARR4Y96A-GFP using confocal 
microscopy. Both mutant proteins were predominantly located in the nucleus, with 
some weak GFP signal coming from the cytoplasm. The pattern of localization of the 
mutants overlapped completely with that of the localization of wild-type ARR4 
protein (Figure 3.7). This coincides with the published information that showed the 
detection of ARR4-GFP signals from the nucleus as well as the cytoplasm and hence 
further validates the result (Sweere et al., 2001). Pro35S:GFP was used as control. 
  Results 


































Figure 3.6: Interaction of AHP1 with contact residue mutants of full length 
ARR4 in yeast-two hybrid assay 
The indicated AD (activation domain) and BD (DNA binding domain) constructs 
were cotransformed into the yeast cells and the interaction was tested on selective 
media. SD-Leu, Trp, His was used for testing weaker interactions. SD-Leu, Trp was 
used as transformation control. Interaction with empty vectors did not show any self 
activation (data not shown). The mutant interactions with yellow asterisks depict 
residues chosen for further analysis.  
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Figure 3.7: Subcellular localization of ARR4D45A-GFP and ARR4Y96A-GFP was 
similar to that of ARR4-GFP in Arabidopsis mesophyll protoplasts 
Pictures represent epifluorescence (GFP), autofluorescence (chloroplast), merge and 
black and white field images of mesophyll protoplasts transfected with various 
plasmid DNA constructs. Fluorescence of 35S:ARR4-GFP, 35S:ARR4D45A-GFP and 
35S:ARR4Y96A-GFP was examined for analyzing the subcellular localization of the 
fusion proteins. 35S:GFP was used as control. Predominant site highlight the principal 
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3.1.7 Arabidopsis hextuple type-A ARR mutant line for in planta 
studies of wild-type and mutants of ARR4 
 
After these preliminary results, we decided to study the impact of the mutation on the 
function of ARR4 protein in planta. Hence, hextuple type-A ARR mutant (arr3 arr4 
arr5 arr6 arr8 arr9) line from ABRC (CS25279) was chosen for generating 
transgenics with wild-type and different mutants of ARR4, to avoid functional 
redundancy shown by type-A ARRs. In order to confirm the presence of T-DNA in all 
six genes, 20 plant samples were taken. Genomic DNA was extracted from the leaves 
and used as template for genotyping PCR. The primers include one that binds to the 
region flanking the T-DNA insert and another that binds to the T-DNA insert. The 
position of T-DNA in the gene was obtained from the supplementary data of the 
manuscript (To et al., 2004). An approx. 500 bp band was expected for all the genes. 
Col. wild-type with no T-DNA insert in any of the six genes was chosen as control. A 
no template control was also used as a negative control for PCR. A band of expected 
size was observed in all the 20 samples for all the six genes tested (Figure 3.8a). No 
band was seen in any of the control reactions. The genotyping results were further 
confirmed by using another primer pair in which both the primers flank the T-DNA 
insert. In this case no band was expected in the samples keeping in view the size of 
the T-DNA insert whereas, a band was expected in the Col. wild-type samples as 
there was no T-DNA insert and hence the genomic DNA region covered by the 
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Seeds were collected from the plants confirmed by genotyping and used for 
expression analysis of the genes. For this purpose, seeds were surface sterilized and 
grown on MS for 10 days. Wild-type seeds were was also sown for comparison. 
Expression levels of seven genes including ARR7 (which is not knocked out) were 
examined in hextuple mutant seedlings and compared with their respective 
expressions in wild-type seedlings using qRT-PCR. The primers were designed down-
stream of T-DNA insertion in order to detect even small amounts of full transcript. 
qRT-PCR results showed that transcript levels of ARR3, 4 and 6 were almost 
completely abolished and ARR5, 8 and 9  were significantly reduced, compared to 
wild-type. However, ARR7 expression levels were higher than its expression in wild-
type seedlings (Figure 3.8b). The experiment was done only once (with three 
technical replicates for each data point) as it was a validation of already published 
information (To et al., 2004). 
 
3.1.8 Inhibition of root length elongation of wild-type and hextuple 
mutant seedlings in response to cytokinin  
 
To assess the function of wild-type and mutant ARR4 in the hextuple mutant 
background, sensitivity of root length elongation to cytokinin was chosen as one of 
the bioassays, as ARR4 overexpression renders resistance to cytokinin responses. For 
optimization, wild-type and hextuple mutant seeds were put on MS agar plates having 
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Figure 3.8: Validation of type-A ARR hextuple knockout line from ABRC 
(a) The hextuple mutant plants were genotyped for the presence of T-DNA inserts 
in six type-A ARR genes (arr3, arr4, arr5, arr6, arr8 and arr9). Expected bands 
were observed in all the plants tested. Col. wild-type DNA (Wt) and no template 
control (NC) were used as negative controls. Black line represents 500 bp. (b) 10 day 
old seedlings of wild-type and hextuple mutant was used for comparing the 
expression of different type-A ARR genes. Data presented are mean ± SD of three 
technical triplicates.  
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different concentrations of BA (5 nM, 10 nM, 50 nM and 100 nM), a naturally 
occurring cytokinin. After 3 days of stratification, the plates were moved to 
continuous light condition. The position of roots was marked on 4th and 9th day and 
subsequently measured on 10th day. MS agar plates containing 0.1% DMSO was used 
as control. 
 
We observed that hextuple mutant seedlings showed more sensitivity towards 
increasing cytokinin concentrations as compared to wild-type seedlings. They showed 
a significant inhibition in the growth of the primary root even at cytokinin 
concentrations of 5 nM and 10 nM, whereas wild-type grew normal at these 
concentrations. Nevertheless, at higher concentrations of 50 nM and 100 nM, both 
wild-type and hextuple mutant showed significant reduction in root length elongation 
(Figure 3.9). This was consistent with the published information (To et al., 2004). 
 
3.1.9 Analysis of ARR7 expression at different time-points after 
cytokinin treatment 
 
Expression of a cytokinin-primary response gene is upregulated soon after cytokinin 
treatment. Also, ARR4, a negative regulator of cytokinin signaling, has the ability to 
suppress the expression of early-cytokinin-response genes, including type-A ARRs 
(e.g. ARR7). Hence, expression levels of ARR7 at different time-points after cytokinin 
treatment was selected as the second bioassay to test the transgenic plants in our 
study. For this expression analysis, 10-day-old wild-type and hextuple mutant 
seedlings were treated with 10 nM BA in liquid MS medium and samples (whole 
seedlings) were collected after the indicated time-points.  
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Hextuple mutant seedlings showed significant increase (~ 90%) in the expression of 
ARR7 after 30 min of cytokinin treatment, compared to wild-type seedlings. However, 
in both the cases, expression of ARR7 comes down to their respective initial levels 




































Figure 3.9: Comparison of inhibition of primary root elongation by cytokinin 
demonstrates that hextuple mutant roots are more sensitive to cytokinin than the 
wild-type  
Wild-type and hextuple mutant seeds were sown on 1x MS supplemented with 
different concentrations of benzyladenine (BA), a naturally occurring cytokinin. 0.1% 
DMSO was used as solvent control. Root lengths were measured from day 4 to day 9 
and mean values were plotted (n ≥ 20). Data presented are mean ± SD.  
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Figure 3.10: Comparison of expression levels of ARR7 at different time-points of 
cytokinin treatment 
10-day-old wild-type and hextuple mutant seedlings were treated with 10 nM 6-BA in 
1x MS and samples were collected at the time-points indicated. ARR7 showed 
significant upregulation after 30 min of cytokinin treatment in hextuple mutant 
seedlings compared to wild-type seedlings. Data presented are mean ± SD of two 
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3.1.10 Transgenic plant analyses: Complementation of the hextuple 
mutant with full length ARR4-HA, ARR4D45A-HA and ARR4Y96A-HA  
 
Transgenic Arabidopsis plants were generated by complementing hextuple mutant 
with wild-type, D45A and Y96A mutants of ARR4. A tabular form of the list of these 
transgenics and their current status is given below:- 
Table 3.2: List of transgenics for contact point mutants and their current status 
 
S.No. Construct Name Status
1 35S:ARR4-HA Preliminary analysis conducted
2 35S:ARR4D45A-HA Transgenics in T2 generation
3 35S:ARR4Y96A-HA Preliminary analysis conducted
 
 
Three transgenic lines were obtained for ARR4-HA in hextuple mutant background. 
Expression levels of ARR4 were examined in 10-day-old seedlings for all four 
transgenic lines in T3 generation. Col. wild-type and hextuple mutant seedling cDNA 
was used as comparison. All the three lines showed varying expression levels when 
compared with the expression of ARR4 in Col. Line #6-2 showed expression levels 
higher than wild-type, line #7-2 had expression levels almost comparable to wild-
type, whereas, line #2-2 showed expression levels less than that in wild-type 
seedlings. However, all the three lines showed significantly high levels of transgene 
expression compared to the expression levels of ARR4 in hextuple mutant (Figure 
3.11a). The experiment was repeated once more with consistent results. 
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For 35S:ARR4Y96A-HA, five transgenic lines were obtained. 10-day-old seedlings of 
T3 generation were used for expression analysis. Two of the five lines, line #1-2 and 







































Figure 3.11: Expression analysis of ARR4 in transgenic lines of Arabidopsis 
harboring wild-type and mutated ARR4 (both full length) in hextuple mutant 
background. 
(a) Levels of ARR4 were examined in all three transgenic lines obtained for 
35S:ARR4-HA construct. (b) Expression of ARR4 was analyzed in five transgenic 
lines obtained for 35S:ARR4Y96A-HA construct. Yellow asterisks highlight transgenic 
lines selected for further work.. Data presented are mean ± SD from two biological 
and two technical replicates . 
 
(a) 
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the transgenic and wild-type seedlings. Line #1-2 showed significantly high levels of 
expression of ARR4 compared to that in wild-type, whereas expression in line #2-1 
was much lower than wild-type (Figure 3.11b). The concept behind such a selection 
was to check if the phenotype varies with the expression level of the transgene. 
 
3.1.11 Analysis of the ability of 35S:ARR4-HA transgenic lines to 
rescue hextuple mutant. 
 
The three transgenic lines obtained for 35S:ARR4-HA was then tested for their ability 
to rescue hextuple mutant by subjecting them to bioassays. All three transgenic lines 
were used for the root length assay. Wild-type, hextuple mutant and transgenic 
seedlings were placed on the same plate to ensure proper comparison. The root 
lengths were measured and subsequently, the values were converted to percentages 
relative to the mean value of the root length of wild-type seedlings on 0.1% DMSO. 
Therefore, the ability of transgenics to rescue hextuple mutant was analyzed by 
comparing the percentage inhibition of the root elongation of transgenic lines with the 
inhibition of hextuple mutant on 10 nM BA, both relative to wild-type on 0.1% 
DMSO (100%). Hextuple mutant showed an inhibition of approx. 63% whereas, 
35S:ARR4-HA line #2-2 showed ~32%, line #6-2 showed ~52% and line #7-1 
showed ~46% reduction in inhibition of root length (corresponding to the mean 
values) (t-test; P < 0.05) (Figure 3.12a).  
 
Consequently, line #2-2 was chosen for the other bioassay, examining the expression 
levels of ARR7 at different time points after cytokinin treatment. After 30 min of 
cytokinin treatment, ARR7 expression levels were significantly reduced (~ 80%) in 
35S:ARR4-HA, compared to its expression levels in hextuple mutant. Moreover, at 30 
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min time point, the expression levels of ARR7 in #2-2 were even less than its 




























































Figure 3.12: 35S:ARR4-HA was able to rescue hextuple mutant 
(a) All three transgenic lines were used for root elongation assay. Wild-type and 
hextuple mutants were used as control. 0.1% DMSO was used as solvent control. Data 
presented are mean ± SD (15 < n < 20). T-test was performed only for samples grown 
on 10 nM BA. Lines with different letters are significantly different from others (P < 
0.05) (b) 35S:ARR4-HA #2-2 was treated with 10 nM BA for the indicated time 
points and then examined for the expression of ARR7. Wild-type and hextuple mutant 
were used as control. Data presented are mean ± SD from two biological each with 
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3.1.12 Analysis of the ability of 35S::ARR4Y96A-HA transgenic lines to 
rescue hextuple mutant 
 
As we had already observed that mutation of Tyr 96 to Ala had weakened the 
interaction of ARR4 with AHP1 in the yeast-two hybrid system. Therefore, it was 
intriguing to test if the mutation has any impact on the biological functions of ARR4. 
The two transgenic lines selected, #1-2 and #2-1 were used for root elongation assay 
to check if ARR4 was still able to rescue the hextuple mutant. Interestingly, line #1-2 
was able to show significant rescue as the percentage inhibition of root elongation for 
line #1-2 was ~47%, which is 16% higher than the inhibition of hextuple mutant 




































Figure 3.13: 35S::ARR4Y96A-HA rescued hextuple mutant  
The position of the roots was marked on 4th and 9th day and root lengths were 
measured on 10th day. The mean values were calculated and plotted (20 < n < 30). 
0.1% DMSO was used as control. Wild-type and hextuple were used for comparison. 
Data presented are mean ± SD. T-test was performed only for samples grown on 10 
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3.2. INSIGHT INTO THE PHOSPHORYLATION AND 
SUBSEQUENT ACTIVATION OF ARR4  
 
From the foregoing experiments, we were able to demonstrate that specific amino 
acid residues are involved in the interaction of AHP1 and ARR4 proteins. We then 
sought to examine the residues involved in phosphorylation of ARR4 protein, which 
will lead to initiation of its biological function. 
 
Based on the studies of response regulators in bacteria, yeast and slime mold, it has 
been found that five amino acid residues in the receiver domain; Asp13, Asp57, Thr 
87, Tyr 106 and Lys 109 (numbering based on their position in bacterial response 
regulator CheY) play critical roles in phosphorylation of response regulators and 
subsequent activation (refer to section 1.3.3.5). Active site residues in CheY involve 
Asp 13, Asp57, Thr 87 and Lys 109, whereas Tyr 106 is the aromatic switch residue. 
These residues are highly conserved in all the three organisms listed above. This 
prompted us to check if these amino acids are conserved in ARR4 as well. As a result, 
a sequence alignment of ARR4 (16-175) protein was done with receiver domains of 
response regulators from bacteria, yeast and slime mold. The sequence alignment 
clearly demonstrated that all five residues are also conserved in ARR4 (Figure 3.14). 
A list of ARR4 residues with their corresponding residues from CheY and the 
function of the residues in CheY is given in Table 3.3. 
 
  Results 
  P a g e  | 90 
 
ARR4    16 MSVGGIGGIESAPLDLDEVHVLAVDDSLVDRIVIERLLRITSCK-VTAVDSGWRALEFLG   74 
RegA   163 ---------------------LVADDDDVQRKILNNLLKKFHYN-VTLVPNGEIAWEYIN  200 
CheY     1 -------------MADKELKFLVVDDFSTMRRIVRNLLKELGFNNVEEAEDGVDALNKLQ   47 
R1-D  1086 ----------------TSVKILVVEDNHVNQEVIKRMLNLEGIENIELACDGQEAFDKVK 1129 
                               *..:*  . : ::..:*.    : :  . .*  * : :  
 
ARR4    75 LDNEKASAEFDRLKVDLIITDYCMPGMTGYELLKKIKESSNFREVPVVIMSSENVLTR-I  133 
RegA   201 KGQQ---------KYDLVLTDVMMPHITGFDLLQRINDHPVHRHIPVILMSGTAVDYKYA  251 
CheY    48 AGGYG-----------FVISDWNMPNMDGLELLKTIRADGAMSALPVLMVTAEAKKEN-I   95 
R1-D  1130 ELTSKGE------NYNMIFMDVQMPKVDGLLSTKMIRRDLGY-TSPIVALTAFADDSN-I 1181 
                           ::: *  ** : *    : *.        *:: ::.     .   
 
ARR4   134 DRCLEEGAQDFLLKPVKLADVKRLRSHLTKDVKLSNGNKRKL  175 
RegA   252 NDTIKIGGQDFLTKPIAKELLKKKIDTVL-------------  280 
CheY    96 IAAAQAGASGYVVKPFTAATLEEKLNKIFEKLGM--------  129 
R1-D  1182 KECLESGMNGFLSKPIKRPKLKTILTEFCAAYQGKKNNK--- 1220 
                    : * ..:: **.    ::     .   
 
Figure 3.14: Sequence alignment of ARR (16-175) with receiver domains of other 
response regulators 
ARR4 (16-175) was aligned with receiver domains of RegA (D.discoideum), CheY 
(E.coli) and SLN1-R1 (S.cerevisiae) (R1-D in figure). The five functionally critical 
residues are highlighted with different color codes. 
 
 
Table 3.3: Residues of ARR4 with corresponding amino acids of CheY and their 
function  









Asp 41 Asp 13 For Mg2+ binding
Asp 95 Asp 57 Site of Phosphorylation
Thr 125 Ser 87 Changes conformation for H-bond with PO43-
Tyr 144 Phe 106 Aromatic Switch
Lys 147 Lys 109 Changes conformation for salt bridge with PO 43-
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Subsequently, we became interested to know if these residues occupy similar three-
dimensional positions in ARR4 as in the other response regulators. In order to check 
this, the homology model was used and all the five residues were mapped onto the 
ARR4 chain of the model. It clearly showed that all the five residues occupy similar 
positions in ARR4 as in other response regulators. Asp 41 is present in the β1-α1loop, 
Asp 95 at the end of β3, Ser 125 at the end of β4, Phe 144 in the middle of β5 and Lys 
147 in the middle of β5-α5 loop. Asp 41, Asp 95 and Lys 147 forms the pocket-like 
structure which is the phosphate-binding pocket in other response regulators (Bourret 
2010). This pocket was in close proximity to the conserved His of AHP1. Ser 125 and 
Phe 144 are present outside the pocket with Ser 125 lying closer to the phosphate-
binding pocket compared to Phe 144 (Figure 3.15). 
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Figure 3.15: 3-D arrangement of ARR4 amino acids analogous to active site 
residues and “aromatic switch” residue  
Asp 41, Asp 95, Ser125, Phe 144 and Lys 147 of ARR4 corresponds to active site 
residues and “aromatic switch” residue in bacteria, yeast and slime mold. The red 
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3.2.1 Mutagenesis of ARR4 amino acids analogous to active site and 
“aromatic switch” residues and analysis of ARR4 mutants 
 
The finding that the four active site residues and the “aromatic switch” residue were 
also conserved in ARR4 and occupies similar 3-D positions pointed out the possibility 
of these residues performing similar functions in ARR4 as in homologous proteins. 
Therefore, in order to verify such a prospect we decided to mutate each residue 
individually in full length ARR4 and study the function of the mutated protein in 
planta. Consequently, Asp 41, Ser 125, Phe 144 and Lys 147 were mutated to Ala 
whereas Asp 95 was mutated to Asn. Moreover, we examined the interaction of these 
ARR4 mutants with AHP1 in the yeast-two hybrid system, in order to examine the 
effect of mutations on the interaction. Interestingly, different ARR4 mutants showed 
different interaction affinities towards AHP1. ARR4D41A and ARR4D95N showed a 
significant weakening of interaction with AHP1, compared to ARR4, as ARR4D41A 
gave very few colonies, whereas ARR4D95N did not show any growth on SD-Leu, Trp, 
Ade, His. Although, ARR4S125A showed no difference in interaction, ARR4F144A and 
ARR4K147A completely aborted the interaction with AHP1, as no growth was observed 
even on the less stringent selection media, SD-Leu, Trp, His (Figure 3.16). 
 
The yeast-two hybrid results were surprising as to date there is no information about 
the direct involvement of any of the five residues in interaction of histidine 
phosphotransfer protein and response regulator in other organisms. Therefore, we 
sought to further verify the yeast-two hybrid data. using Bimolecular Florescence 
Complementation (BiFC) analysis for AHP1 interaction with ARR4D95N and 
ARR4S125A using Arabidopsis mesophyll protoplasts.  
  Results 






























   
 
Figure 3.16: AHP1 interaction with ARR4 mutants of amino acids analogous to 
active site and “aromatic switch”residues in yeast-two hybrid  
The corresponding constructs were cotransformed in the yeast cells and the 
interaction was analysed by checking the growth on drop-out media lacking 
appropriate amino acids. SD-Leu, Trp, His was used to test for weaker interactions. 
SD-Leu, Trp was used as control. AD – Gal4 activation domain; BD – Gal4 DNA- 
binding domain.  
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Since, no interaction was observed for ARR4F144A and ARR4K147A in the yeast-two 
hybrid assay, these two mutants were examined for their subcellular localization in 
the Arabidopsis mesophyll protoplasts as GFP fusion proteins. We did not include 
ARR4D41A for further analysis. In contrast to the different interaction affinities of 
ARR4D95N and ARR4S125A towards AHP1 in the yeast-two hybrid system, we did not 
notice any such difference in the interaction of the two mutants with AHP1 in BiFC 
system, as both of them showed comparable YFP signal intensity. Although, this was 
not in line with our yeast-two hybrid results, it clearly indicated that the subcellular 
localization of the mutant proteins is fairly similar to ARR4 protein (Figure 3.17a). 
Additionally, ARR4F144A and ARR4K147A  GFP fusion proteins also localized similar 
to ARR4-GFP protein signifying that the mutations had not affected the localization 
of the proteins and hence probably their 3-D structure (Figure 3.17b).   
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Nucleus
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35S:ARR4-GFP
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Figure 3.17: Interaction and subcellular localization in the Arabidopsis 
mesophyll protoplasts suggested the correct protein folding of the mutants of 
ARR4 
(a) Full length ARR4D95N and ARR4S125A were selected for BiFC analysis. YFP 
fluorescence was observed for both the mutants of ARR4, thereby indicating 
interaction with AHP1. ARR4 was used for comparison. (b) ARR4F144A–GFP and 
ARR4K147A-GFP showed similar localization site as ARR4-GFP. Pictures represent 
epifluorescence (YFP and GFP), autofluorescence (chloroplast), merge and black and 
white field images of mesophyll protoplasts.  
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3.2.2 Transgenic plant analyses: Complementation of hextuple 
mutant with full length ARR4D95N-HA, ARR4S125A-HA, ARR4F144A-
HA and ARR4K147A-HA 
 
The validation of the relative conservation of different ARR4 mutant 3-D structures 
encouraged us to investigate the in planta functions of the different mutants. 
Transgenic Arabidopsis plants were generated for 35S:ARR4D95N-HA, 
35S:ARR4S125A-HA, 35S:ARR4F144A-HA and 35S:ARR4K147A-HA. A table depicting 
the current status for all the four mutants is given below:- 
 
Table 3.4: List of transgenics for mutants of ARR4 amino acids analogous to 
active site and “aromatic switch” residues 
 
S.No. Construct Name Status
1 35S:ARR4D95N-HA Transgenics in T2 generation
2 35S:ARR4S125A-HA Preliminary analysis conducted
3 35S:ARR4F144A-HA Preliminary analysis conducted
4 35S:ARR4K147A-HA Preliminary analysis conducted
 
 
Four transgenic lines were obtained for 35S:ARR4S125A-HA. Line # 1-3, # 3-1 and # 
4-1 were selected for further studies, based on the expression levels of ARR4 in these 
lines compared to its expression level in wild-type seedlings (Figure 3.18a). Three 
lines were obtained for 35S:ARR4F144A-HA and all of them were used for subsequent 
analysis. Fortunately, they varied in their expression levels, giving a range of 
transgene expression compared to wild-type (Figure 3.18b). For 35S:ARR4K147A-HA, 
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five lines were obtained and two of them, line # 7-2 and line # 13-1 were used for 



























































Figure 3.18: Expression analysis of transgenic lines of ARR4 mutants in hextuple 
mutant background 
(a) Three out of four lines obtained for 35S:ARR4S125A-HAwere short-listed for 
further analysis. (b)  All three lines for 35S:ARR4F144A-HA was seleceted. (c) Two 
out of five lines were taken for 35S:ARR4K147A-HA. Data presented are mean ± SD 
from biological duplicates each with two technical replicates. Yellow asterisks denote 
lines chosen for further studies. 
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3.2.3 Analysis of the ability of 35S:ARR4S125A-HA to rescue hextuple 
mutant  
 
The three transgenic lines chosen were first examined for their ability to rescue the 
hextuple mutant in the root elongation assay. All the three lines were able to rescue 
the hextuple mutant on 10 nM BA. Among all the three lines, line #1-3 and line # 4-1 
showed relatively less inhibition of root length than line # 3-1. The root length of Col. 
wild-type on 0.1% DMSO was taken as 100%. Line # 1-3 and line # 4-1 showed only 
~42% inhibition in root elongation, whereas line # 3-1 showed ~52% inhibition as 
compared to the inhibition in hextuple mutants (63%). This suggests that all the three 
transgenic lines showed significant rescue of root length of hextuple mutant (t-test; P 
< 0.05) (Figure 3.19a). 
 
Subsequently, line # 1-3 was used for examining the suppression of ARR7 levels at 
different time points after cytokinin treatment. As seen, in 35S:ARR4S125A-HA,  ARR7 
showed significant reduction in its expression levels after 30 min of cytokinin 
treatment, compared to its expression levels in hextuple mutant. Additionally, the 
expression levels of ARR7 at 30 min time point in line # 1-3 were even less than its 
level in wild-type seedlings at that time (Figure 3.19b). 
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Figure 3.19: Full length ARR4S125A was able to rescue hextuple mutant in the 
selected bioassays 
(a) Analysis of root inhibition for all three lines was done in presence of 10 nM 
BA. The root lengths were measured and mean from 15-20 seedlings was plotted. 
Data presented are mean ± SD. Wild-type and hextuple mutant were used for 
comparison and 0.1% DMSO was the solvent control. T-test was performed only for 
samples grown on 10 nM BA. Lines with different letters are significantly different 
from others (P < 0.05). (b) ARR7 expression levels were determined at different time 
points after cytokinin treatment in 35S:ARR4S125A-HA. Wild-type and hextuple 
mutant were used for comparison. Data presented are mean ± SD from two 
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3.2.4 Analysis of the ability of 35S:ARR4F144A-HA to rescue the 
hextuple mutant 
 
We also checked 35S:ARR4F144A-HA for its ability to rescue the hextuple mutant. 
This mutation had resulted in an abolition of interaction with AHP1 in the yeast-two 
hybrid assay, so it was even more interesting to analyze its functions in planta. 
Analysis of the root length inhibition of all the three lines highlighted that none of the 
lines were able to rescue the hextuple mutant as all of them showed similar inhibitions 
as the roots of hextuple mutant (Figure 3.20a).  
 
Nevertheless, we did not get comparable results for the cytokinin treatment assay. As 
35S:ARR4F144A-HA lines showed similar inhibition of root length as the hextuple 
mutant, hence, we expected similar levels of ARR7 at 30 min after cytokinin 
treatment.  Line # 1-1 was used to examine the levels of ARR7, at 30 min time point 
after cytokinin treatment. The transcript levels of ARR7 were slightly lower than its 
level in the hextuple mutant (Figure 3.20b).   
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Figure 3.20: Full length ARR4F144A was not able to rescue the hextuple mutant  
(a) Root length was measured for all the 3 lines of 35S:ARR4F144A-HA. Wild-type 
and hextuple mutant were used for comparison. 0.1% DMSO was used as control. 
Mean for 15-20 seedling were plotted. Data presented are mean ± SD. T-test was 
performed only for samples grown on 10 nM BA. Lines with different letters are 
significantly different from others (P < 0.05) (b) ARR7 expression level was checked 
in line # 1-1 and compared with the expression levels in wild-type and hextuple 
mutant seedlings at different time points after cytokinin treatment. Data presented are 
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3.2.5 Analysis of the ability of 35S:ARR4K147A-HA to rescue the 
hextuple mutant 
 
Similar to ARR4F144A, ARR4K147A also did not show any interaction with AHP1 in the 
yeast-two hybrid. Hence, we expected similar results from the analysis of the 
transgenic lines of 35S:ARR4K147A-HA when examined for the inhibition of root 
length and expression of ARR7. Surprisingly, both the transgenic lines were able to 
partially rescue the hextuple mutant roots. On the 10 nM BA plates, line # 7-2 showed 
~58% inhibition and line # 13-1 showed ~48% inhibition, compared to wild-type on 
0.1% DMSO (100%). Thus, the inhibition in the transgenic lines was significantly 
lower compared to inhibition of hextuple mutant roots (~63%) (t-test; P < 0.05) 
(Figure 3.21a).  
 
Consistent results were obtained for the cytokinin treatment assay. Line # 7-2 was 
used for examining the expression levels of ARR7 at 30 min time point after cytokinin 
treatment. The expression level of ARR7 was more than that of its levels in wild-type 
seedling but less than its levels in hextuple mutant (Figure 3.21b).   
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Figure 3.21: Full length ARR4K147A was able to partially rescue the hextuple 
mutant  
(a) Two transgenic lines were used for the root elongation assay. The root length 
was measured for 20-25 seedlings and the mean was plotted. 0.1% DMSO was the 
solvent control. The root lengths were compared with wild-type and hextuple mutant. 
Data presented are mean ± SD. T-test was performed only for samples grown on 10 
nM BA. Lines with different letters are significantly different from others (P < 0.05) 
(b) Line # 7-2 was used for analyzing ARR7 expression levels at different time points 
after cytokinin treatment. Data presented are mean ± SD from one experiment (three 
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3.3 INSIGHT INTO THE PHOSPHORYLATION-INDUCED 
CONFORMATIONAL CHANGES  
 
The abolition of ARR4 functions by the mutation of Phe 144 to Ala strongly 
suggested that the “aromatic switch” residue has a role in the functions of ARR4. It 
was thus intriguing to verify if the “Y-T” coupling mechanism is functional in ARR4.  
 
3.3.1 Verification of “Y-T” coupling mechanism by mutational 
studies 
 
In order to validate the presence of a functional “Y-T” coupling mechanism, Phe 144 
was mutated to Trp (ARR4F144W) as it was demonstrated that mutation of an 
equivalent conserved aromatic amino acid in CheY, Tyr 106 to Trp resulted in an 
activated mutant as the mutation mimicked the conformational state of the 
phosphorylated/activated protein (Zhu et al., 1997). Additionally, double mutation 
was created by combining Ser 125 to Ile mutation with Phe 144 to Trp mutation 
(ARR4S125I/F144W) as Ser to Ile mutation inhibited the protein from attaining activated 
conformational state even when the aromatic amino acid was mutated to Trp.   
 
The two mutants were then checked for their interaction with AHP1 in the yeast-two 
hybrid system. Interestingly, ARR4F144W interacted with AHP1 similar to ARR4 
protein, but the combination of F144W mutation with S125I resulted in weakening of 
interaction, i.e. ARR4S125I/F144W weakened the interaction with AHP1 (Figure 3.22).  
 
Subsequently, the interactions were retested in Arabidopsis mesophyll protoplasts 
using the BiFC system. As reported earlier, unlike yeast-two hybrid system, we did 
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not observe any difference in the interactions of AHP1 with ARR4F144W and 































Figure 3.22: Interaction analysis of AHP1 with ARR4F144W and ARR4 S125I/F144W 
in the yeast-two hybrid system. 
The indicated constructs were cotransformed in yeast cells and growth was observed 
on synthetic drop-out media lacking appropriate amino acids. SD-Leu, Trp, His was 
used for screening weaker interactions. SD-Leu, Trp was used as transformation 
control. AD: Gal4 activation domain; BD: Gal4 DNA-binding domain.  
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Figure 3.23: Interaction of ARR4F144W and ARR4S125I/F144Wwith AHP1 in 
Arabidopsis mesophyll protoplasts  
Full length ARR4F144W and ARR4S125I/F144W were used for BiFC analysis. YFP 
fluorescence was observed for both the mutants of ARR4, thereby indicating 
interaction with AHP1. ARR4 was used for comparison. Pictures represent 
epifluorescence (YFP), autofluorescence (chloroplast), merge and black and white 
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3.3.2 Interaction of “aromatic” switch, activation-mimic and non 
activable ARR4 mutants with ABI5, a down-stream target protein. 
 
The possibility that the “Y-T” coupling mechanism also has a role to play in the 
activation of ARR4, got us interested in examining if the mechanism affects the 
interaction of ARR4 with the down-stream target proteins, as it has shown to affect 
the interaction of CheY with FliM (down-stream of CheY) (Lee et al., 2001b). We 
used ARR4F144A, ARR4F144W and ARR4S125I/F144W to investigate the involvement of 
“aromatic” switch residue and the phosphorylation-induced conformational changes 
in interaction with down-stream proteins. Additionally, ARR5 and ARR7 mutants 
with substitution at phospho-accepting Asp to Glu or Asn have been demonstrated to 
function as phosphomimic and non phosphorylatable mutants, respectively (Lee et al., 
2008, To et al., 2007). Therefore, ARR4D95E (phosphomimic) and ARR4D95N (non 
phosphorylatable) were employed as controls to verify if the activated (ARR4F144W) 
and phosphomimic (ARR4D95E) mutants show equivalent interactions with 
downstream proteins and similarly, non activable (ARR4S125I/F144W) and non 
phosphorylatable (ARR4D95N) mutants show comparable results. To date, ABI5, PhyB 
and Remorin are the only proteins, with whom one-to-one interaction of ARR4 have 
been demonstrated (Mira-Rodado et al., 2007, Wang et al., 2011, Yamada et al., 
1998). We selected ABI5 and PhyB for our interaction studies, but unfortunately, we 
could not reproduce the interaction of ARR4 with PhyB under our lab conditions. 
Therefore we proceeded with ABI5. 
 
ABI5 showed interaction with ARR4 in the yeast-two hybrid system under our lab 
conditions (Figure 3.24). However, the growth observed on SD-Leu, Trp, His should 
not be considered as even cotransformation of ABI5-BD with empty AD vector 
  Results 
  P a g e  | 109 
showed growth of yeast cells on SD-Leu, Trp, His, indicating self-activation. Hence, 
the interactions were evaluated based on the growth on SD-Leu, Trp, His, Ade. 
Furthermore, ABI5 showed interaction with all the mutants tested except ARR4D95E. 
Sd-Leu, Trp was used as a control for transformation efficiency. 
 
  Results 


































Figure 3.24: Yeast-two hybrid interaction of ABI5 with “aromatic” switch, 
activation-mimic and non activable ARR4 mutants (also phosphomimic and non 
phosphorylatable mutants) 
The indicated constructs were cotransformed in yeast cells and growth was observed 
on synthetic drop-out media lacking appropriate amino acids. Empty vector was used 
to check the self-activation of ABI5. SD-Leu, Trp, His was used for screening weaker 
interactions. SD-Leu, Trp was used as transformation control. AD: Gal4 activation 
domain; BD: Gal4 DNA-binding domain. 
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3.4 INSIGHT INTO STRUCTURAL ASPECTS OF 
PHOSPHORELAY BETWEEN AHP1 AND ARR4 AND 
ACTIVATION OF ARR4 
 
To further strengthen our study we attempted to provide structural validation to the 
information gathered from the homology model. The key objective was to initiate 
preliminary steps for studying the AHP1 - ARR4 interaction, in the presence of BeF3- 
and subsequent conformational changes associated with activation of ARR4, in future 
experiments. Consequently, recombinant protein expression and purification was 
attempted. 
 
3.4.1 Expression and purification of recombinant AHP1 
 
AHP1 is a 17.6 kD protein with a pI of 5.31. Recombinant expression of AHP1 was 
done in E.coli as a GST fusion protein. The protein was extracted from the bacterial 
cells via sonication and centrifugation and then subjected to affinity purification using 
Glutathione Sepharose 4B resin. Later, the protein was left for on-column over-night 
cleavage in 4 °C and the cleaved protein was collected the next day. This cleaved 
protein was then used for size exclusion chromatography purification. We were 
successful in obtaining high yields of AHP1 protein with significant purity after 
affinity purification (Figure 3.25a). There were some losses due to a fraction of the 
protein remaining insoluble and also some unbound protein was washed off in the 
flow through. High levels of free GST protein (~26 kD) were also expressed along 
with the fusion protein. Consequently, it was also present in the over-night cleaved 
sample along with AHP1, but it eluted earlier in the size exclusion chromatography 
owing to its larger molecular weight than AHP1 (Figure 3.25b). Consequently, the 
purification of AHP1 was further improved.         
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Figure 3.25: Expression and purification of recombinant AHP1 
(a) SDS PAGE of expression and affinity purification of recombinant AHP1 protein. 
The arrow shows uncleaved fusion protein of GST-AHP1. M- Marker; Unind- 
Uninduced; Ind Pel- Induced Pellet; Ind Sup- Induced supernatant; Flow Thru- Flow 
through; 3rd Wash- third wash; Aftr o/n clvg: after overnight cleavage; kD: kilodalton. 
(b) Size exclusion chromatography profile for purification of recombinant AHP1 
protein. SDS PAGE showing chromatography fractions containing AHP1. The line 
indicates that all protein bands belong to AHP1 from the peak bearing the black 
arrow. 
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3.4.2 Verification and biophysical characterization of the 
recombinant protein  
 
The protein band was submitted for peptide mass fingerprinting for verification of the 
identity of the recombinant protein. Simultaneously, an aliquot was used for 
molecular weight confirmation of the protein using Electrospray ionization mass 
spectrometry (ESI MS). Peptide mass fingerprinting confirmed that the purified 
protein was AHP1 as the first hit in the mascot search was AHP1 (Figure 3.26a). 
Additionally, the experimental mass provided by ESI MS was equal to the calculated 
mass of the protein (Figure 3.26b). It is important to highlight here that the actual 
mass of the protein is 17.6 kD. But the presence of additional 5 amino acids from the 
linker region left after cleavage accounts for the increase in molecular weight.   
 
Subsequently, the protein was used for far-UV CD spectroscopy to examine the 2-D 
structure of the protein. The presence of two minima, one at 222 nm and the other at 
208 nm, in the profile confirmed the presence of entirely α-helical structure in the 
protein (Figure 3.27a). We then checked the protein solution for homogeneity and 
presence of aggregates at 10 mg/ml using DLS.  The readings obtained from the 
software of the DLS instrument were in the permissible range, clearly indicating that 
the protein sample was a homogeneous solution (Figure 3.27b). Additionally, the 
hydrodynamic radius of 3.28 nm suggested that protein was not aggregated.       
 
We then attempted to solve the 3-D structure of the AHP1 protein. Around 700-800 
crystallization conditions were screened using different concentrations of the protein. 
However, heavy precipitation was observed in all the drops, sooner or later, even at 
lower concentrations of 1.5 mg/ml.  
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Figure 3.26: Confirmation of the recombinant AHP1 protein 
(a) Peptide Mass fingerprinting confirmation of the AHP1 protein. Mascot search 
results showing the first hit as AHP1. The box contains the accession number of the 
first hit in the mascot search and the corresponding description. (b) ESIMS 
confirmation of the molecular weight of the recombinant AHP1 protein. 18031.0 Da 
denotes the molecular weight of AHP1 calculated by ESI MS. Da- Dalton (The 
ESIMS data was obtained with help from Prof. R.M. Kini’s Lab) 
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Figure 3.27: Biophysical characterization of recombinant AHP1 
(a) Far-UV CD spectroscopy profile for recombinant AHP1 showing minima at 
222 nm and 208 nm highlighting the α-helical character of the protein. (b) DLS 
profile of AHP1 protein at 10 mg/ml concentration showing homogeneous protein 
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The protein was subsequently used for NMR studies. Here also, we realized that the 
protein was not suitable for NMR as it showed heavy precipitation at room 
temperature. However, the 1-D NMR spectrum was collected which showed H1 signal 





Figure 3.28: 1-D NMR spectra of recombinant AHP1 
The 1-D NMR spectrum for the recombinant AHP1 protein was collected. The arrow 
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3.4.3 Expression and purification of ARR4 protein 
 
ARR4 is a 28.3 kD protein with a pI of 4.78. The recombinant protein was expressed 
in E.coli using GST tag. Affinity purification was done and the protein was collected 
after over-night cleavage. SDS-PAGE analysis showed that the protein migrated 
around ~42 kD, which was higher than its expected molecular weight. Consequently, 
for the GST fusion protein also we observed protein bands around ~68 kD (GST 
protein is ~26kD). The gel also showed that some fraction of the expressed protein 
was insoluble. Additionally, some amount of the protein during affinity 
chromatography did not bind to the resin and hence was lost in the flow through. 
However, we could still manage to get sufficient amounts of relatively pure protein 
after over-night cleavage (Figure 3.29a). This protein was then subjected to size 
exclusion chromatography for further purification. The chromatography profile 
showed that the protein eluted much earlier than the expected elution volume. Infact, 
the protein eluted in the void volume of the column (Figure 3.29b). This suggested 
that the protein might be existing as soluble aggregates. SDS-PAGE analysis of the 
fractions from the chromatography run highlighted that although the peak consisted 
majorly of ARR4 protein but a large number of other contaminants were also present, 
thereby compromising the purity of the protein. The smaller peak belonged to GST 
protein.  
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Figure 3.29: Expression and purification of recombinant ARR4 
(a) SDS PAGE of expression and affinity purification of recombinant ARR4 
protein. The arrow shows uncleaved GST-ARR4 protein and the asterisk indicates 
protein after cleavage. M- Marker; Unind- Uninduced; Ind Pel- Induced Pellet; Ind 
Sup- Induced supernatant; Flow Thru- Flow through; 1st Wash- first wash;Aftr o/n 
clvg- after over-night cleavage; kD: kilodalton. (b) Size exclusion chromatography 
profile for purification of recombinant ARR4 protein. SDS gel on the profile 
corresponds to the fractions from the peak bearing the arrow. 
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3.4.4 Verification of the identity and molecular weight of the 
recombinant ARR4 protein 
 
For verifying the identity of the recombinant protein, the protein band was submitted 
for peptide mass fingerprinting. Simultaneously, molecular weight confirmation of the 
protein was done using Electrospray ionization mass spectrometry (ESI MS). Based 
on the mascot search results for the Peptide mass fingerprinting data, the protein was 
confirmed as ARR4 (Figure 3.30a). Further validation was provided by the mass 
spectrometry data as the experimental mass was equal to the calculated mass of the 
protein (Figure 3.30b). As mentioned earlier, here also we found that the experimental 
mass was higher than the actual mass of the protein, which was due to the 5 amino 
acids from the linker region left after cleavage. 
 
3.4.5 Optimization of the recombinant ARR4 purification  
 
After the verification of the identity of the recombinant protein and its molecular 
weight, we concentrated our efforts in optimizing the expression and purification of 
ARR4 with the objective of preventing its aggregation. Consequently, a range of 
different lengths of constructs and solubility tags were screened (Table 3.5). A few 
selected purification profiles have been shown as a representation of the different 
constructs and purification conditions used (Figure 3.31). The profiles clearly 
indicated that none of the constructs or purification conditions used had any impact on 
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Figure 3.30: Confirmation of the recombinant ARR4 protein 
(a) Peptide Mass fingerprinting confirmation of the ARR4 protein. Mascot search 
results showing the first hit as ARR4. The box contains the accession number of the 
first hit in the mascot search and the corresponding description. (b) ESIMS 
confirmation of the molecular weight of the recombinant ARR4 protein. 28703.5 Da 
denotes the molecular weight of ARR4 from the ESI MS. Da- Dalton (The ESIMS 
data was obtained with help from Prof. R.M. Kini’s Lab) 
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S.No. Conditions Construct Length
1 500 mM NaCl GST-ARR4 (1-175)
2 5 mM DTT GST-ARR4 (1-175)
3 pH 6.5 GST-ARR4 (1-175)
4 pH 9.0 GST-ARR4 (1-175)
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(a) 
M 2 3 41 5 OC F1 F2 F3  
(b) 
2 3 41 5M E1 E2 PE  
(c) 
E1 E2 DE F2 F3 F4M PE F1 F5  
 
Figure 3.31: Expression and purification optimization of ARR4 
(a) GST-ARR4 (1-175) with tag cleaved prior to size exclusion chromatography.  
(b) GST-ARR4 (1-175) purified with tag. (c) MBP-ARR4 (16-175) purified with tag. 
SDS PAGE for all show different steps of affinity purification. Arrow indicates the 
protein after cleavage or the fusion protein. Arrows on FPLC profile highlights the 
aggregated peak (big peak) and the hump for the monomeric protein. M- Marker; 1- 
Induced Pellet; 2- Induced supernatant; 3- Flow through; 4- First wash; 5- Third 
wash; OC- After over-night cleavage; E1- First elution; E2- Second elution; PE- 
Pooled elution; DE- Diluted elution; F1-5- FPLC fractions. 
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As part of further optimization, ARR4 was also expressed in a eukaryotic expression 
system, P.pastoris. Three colonies were screened for the expression of the 
recombinant in 100 ml culture each. The protein was secreted out into the media, 
hence the media was concentrated and an aliquot was used for SDS PAGE. The 
protein was detected by western blot analysis using anti His antibody as His tag was 
present at C-terminal of ARR4. Western blot clearly showed that colony 2 did not 
show any expression and colony 3 showed relatively higher expression compared to 
colony 1 (Figure 3.32a). Consequently, Colony 3 was used for 2 L culture and the 
media was finally concentrated down to 6 ml. A 15 μl aliquot was subjected to SDS 
PAGE analysis for checking the yield of the protein. The protein was barely visible on 
the gel (Figure 3.32b). A 1 μg of ~38 kD protein was loaded as a control to estimate 
the amount of ARR4 protein expressed.  
 
Subsequent optimization involved ion exchange chromatography for purification of 
the ARR4 protein. A full length construct of the protein with a His tag was used for 
the experiment. The affinity purified protein was injected into ion exchange column 
and eluted with increasing NaCl concentration. The profile of the ion exchange 
chromatography had two major peaks (Figure 3.33a). SDS PAGE analysis of the 
fractions corresponding to both the peaks showed that the smaller of the two peaks 
contained relatively pure forms of ARR4. Subsequently, a few fractions were pooled, 
concentrated and used for far-UV CD spectroscopy. The CD data showed minima at 
222 nm which indicated the presence of α-helices. Another minimum for α-helix at 
208 nm was a shallow dip. This indicated the presence of β-sheet in the secondary 
structure as β-sheet gives a minima around 215 nm, which in ARR4, merged with 208 
nm minima of α-helix causing the 208 nm to be shallow (Figure 3.33b)   
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Figure 3.32: Expression optimization of ARR4 in the eukaryotic host, P.pastoris 
(a) Western blot analysis of the protein expression in three colonies of P.pastoris. 
The western blot was done against the His tag. (b) Colony 3 was used for large-scale 
culture and an aliquot of the concentrated media was used for SDS PAGE.Arrow 
indicates the ARR4 protein from colony 3. Control consists of 1 μg of a ~38kD 
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Figure 3.33: Ion exchange chromatography purification secondary structure 
prediction 
(a) Full length ARR4 protein with His tag was ion exchange chromatography. The 
profile showed two peaks. SDS gel on the profile corresponds to the fractions from 
the peak bearing the arrow. (b) Far-UV CD spectra of ARR4 obtained from ion 
exchange chromatography.   
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4.1 INSIGHT INTO THE PHOSPHORELAY BETWEEN AHP1 
AND ARR4  
 
The crystal structure from S.cerevisiae of SLN1-R1-YPD1 complex in the presence of 
BeF3- as a phosphate analog was used as the starting point of our study (Zhao et al., 
2008). The sequence alignment of AHP1 with YPD1 showed that AHP1 is 
structurally and functionally homologous to YPD1 (Figure 3.1a). On the other hand, 
the sequence alignment of ARR4 with receiver domain sequence of SLN1 (Figure 
3.1b) indicated that receiver domain region of ARR4 might be present at the N-
terminus of the protein and 173 to 259 amino acids at the C-terminus is not a part of 
the domain. This was actually in line with the description of type-A ARRs containing 
a receiver domain along with a short N-terminal extension and a C-terminal extension 
(Mason et al., 2004). Further validation was done by our yeast-two hybrid results that 
showed the interaction of ARR4 (16-175), a representative of the receiver domain 
region of ARR4, with AHP1 (Figure 3.3). This piece of data was also consistent with 
the earlier reports that showed the interaction of ARR4 (1-175) with AHP1 in a yeast-
two hybrid assay and the transfer of radioactively labeled PO43- from AHP1 to ARR4 
(16-175) (Imamura et al., 1998, Mira-Rodado et al., 2007). Together, our results 
along with the published information, strongly suggest that the receiver domain of 
ARR4 is restricted to the N-terminal region between 16-175 amino acids. Secondly, it 
also signifies that like the receiver domain of other response regulators, the receiver 
domain region of ARR4 has the ability to interact with Histidine phosphotransfer 
proteins (AHP1).  
 
The homology model of AHP1 (2-142) – ARR4 (34-167) using the crystal structure 
of SLN1-R1 – YPD1 complex as a template (Figure 3.4), besides, providing a 
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structural view of the interaction between the two proteins, furnished information 
about the structure of the individual proteins. The structure of AHP1 (2-142) showing 
six α-helices (Figure 3.4) coincided with the 3-D structures of other Hpt proteins such 
as ArcB (E.coli) (Kato et al., 1997) ,YPD1 (S.cerevisiae) (Xu and West 1999) and 
ZmHP2 (Zea mays) (Sugawara et al., 2005). Likewise, the 3-D structure of ARR4 
(32-167) in the homology model depicting (αβ)5 (Figure 3.4) is similar to the receiver 
domain topology seen for CheY (E.coli) (Lee et al., 2001a), SLN1-R1 (S.cerevisiae) 
(Xu et al., 2003) and CKI1RD and ETR1RD (A.thaliana) (Muller-Dieckmann et al., 
1999, Pekarova et al., 2011). This is also consistent with our view that N-terminal 
region of ARR4 between 16-175 amino acids contains the entire receiver domain. At 
this point, we would like to highlight that both the Arabidopsis proteins for which the 
receiver domain structures are obtained are hybrid His kinases. Therefore, our data is 
the first to show that similar receiver domain structure is also present in a member of 
the type-A ARR family. 
 
Furthermore, the identification of the residues of ARR4 involved in the interaction 
with AHP1 (Table 3.1) and the presence of the selected residues at the interaction 
interface provided further evidence in support of the 3-D structure of ARR4 and the 
homology model, on the whole (Figure 3.5). The difference in interaction of the 
selected amino acid mutants of ARR4 with AHP1 in the yeast-two hybrid system 
(Figure 3.6) highlighted that Asp 45, Arg 51, Tyr 96, Pro 148 and Lys 150 are 
involved in interaction with AHP1. Furthermore, the abolition of AHP1 interaction 
with ARR4P148A and ARR4K150A indicates that the corresponding region of ARR4 
protein might be critical for protein interaction as ARR4F144A and ARR4K147A also 
abolished the interaction with AHP1 (Figure 3.16). Moreover, this further suggested 
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that our homology model likely represents the actual structure of the proteins. 
Subsequently, localization of GFP fusion proteins of ARR4D45A and ARR4Y96A 
similar to that of ARR4-GFP protein in the Arabidopsis mesophyll protoplasts (Figure 
3.7) further verified that differential interactions was not due to different localization 
of the mutant proteins.  
 
Additionally, hextuple type-A ARR mutant (arr3 arr4 arr5 arr6 arr8 arr9) 
background was chosen to circumvent the problem of functional redundancy among 
type-A ARRs. Genotyping PCR (Figure 3.8a) and qRT-PCR analyses of all the six 
genes (Figure 3.8b) helped us to conclude that the concerned genes were either 
knocked out or significantly knocked down. The higher expression levels of ARR7 in 
hextuple than its level in Col. wild-type (Figure 3.8b) could be due to the fact that 
type-A ARR family members are highly redundant in their functions so ARR7 might 
have been overexpressed to compensate for the loss of other genes. Furthermore, 
higher sensitivity of the hextuple mutant seedlings roots on different BA 
concentrations experimentally validated the absence of type-A ARRs, as they are 
known to invalidate cytokinin-mediated root growth inhibition (Figure 3.9). In 
addition, higher expression levels of ARR7 in hextuple mutant seedlings after 30 min 
of cytokinin treatment (Figure 3.10) can also be attributed to the lack of type-A ARRs 
as type-A ARRs suppress the expression levels of early response genes of cytokinin. 
The data was also consistent with the published information (To et al., 2004). 
 
The significant increase in root lengths of 35S:ARR4-HA transgenic lines (P < 0.05) 
and the reduced expression levels of ARR7 in 35S:ARR4-HA transgenic line # 2-2 
after 30 min of cytokinin treatment, both compared to hextuple mutant (Figure 3.12) 
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was an outcome of the negative regulation of cytokinin signaling by functional ARR4 
protein. This clearly indicated that wild-type ARR4 was able to rescue the hextuple 
mutant. However, it should be noticed that in root elongation assay none of the three 
lines were able to show root length similar to wild-type seedlings on BA whereas, in 
cytokinin treatment assay the suppression of ARR7 in transgenic line was more than 
that in wild-type. The fact that root development is a complex process and might not 
be only regulated by type-A ARRs (ARR4) possibly explains the inability of the 
transgenic lines to show root length equivalent to wild-type. On the other hand, the 
higher suppression of ARR7 in transgenic line compared to wild-type could be 
because in our transgenic lines the expression of ARR4 is driven by 35S promoter. 
Therefore expression levels of ARR4 in the transgenics would be more than in wild-
type thereby, resulting in higher suppression of ARR7.  
 
Furthermore, the observation that 35S:ARR4Y96A-HA line #1-2 showed less inhibition 
of root elongation compared to the hextuple mutant (P < 0.05) (Figure 3.13) suggested 
that ARR4Y96A mutant was also able to rescue the hextuple mutant. At this point, we 
would like to highlight that 35S:ARR4Y96A-HA line #1-2 (~47%) showed 15% more 
inhibition than 35S:ARR4-HA line #2-2 (~32%) (Figure 3.12). This accounts for a 
partial rescue of hextuple mutant by 35S:ARR4Y96A-HA that might be an outcome of 
the weakened interaction of ARR4Y96A with AHP1 in the yeast-two hybrid system 
(Figure 3.6). However, we did not observe any reduction in inhibition of root 
elongation compared to hextuple mutant for 35S:ARR4Y96A-HA line #2-1 (Figure 
3.13). Most likely, this difference in inhibition of root elongation among the two 
transgenic lines of 35S:ARR4Y96A-HA could be correlated to the difference in 
transgene expression levels in the two lines. As observed in figure 3.11b, the relative 
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expression level of ARR4 in line #1-2 is much higher compared to the expression 
levels in line #2-1. Besides, the level of ARR4 in line #2-1 is almost 0.2 – 0.25 times 
of its level in wild-type. Thus, we accept that consolidation of the hypothesis would 
require further analysis. Consequently, additional transgenic lines will need to be 
examined for inhibition of root elongation. Simultaneously, independent verification 
by the cytokinin treatment assay will also be required in future. Moreover, another 
mutant of ARR4, ARR4D45A that too showed a weakening of interaction with AHP1 in 
the yeast-two hybrid system, may be examined for strengthening the data (Table 3.2). 
 
4.2 INSIGHT INTO THE PHOSPHORYLATION AND 
SUBSEQUENT ACTIVATION OF ARR4  
 
The observation that the four active site residues and the aromatic switch residue that 
were conserved in bacteria, yeast and slime mold are also conserved in ARR4 (Figure 
3.14) and occupy similar positions as in other response regulators (Figure 3.15) 
strongly suggested that a similar phosphorylation and activation mechanism might 
exist in ARR4 as well. Additionally, a role of these residues in interaction with AHP1 
was speculated based on the yeast-two hybrid results of AHP1 interaction with ARR4 
mutants substituted at these five residues (Figure 3.16). However, the data could not 
be supported by the available literature as no reports have highlighted the direct 
involvement of these residues in interaction with an Hpt.  Nevertheless, a few studies 
have shown that phosphorylation does play a role in enhancing the interaction 
between an Hpt and a receiver domain (Janiak-Spens et al., 2000, Scharein and Groth 
2011). In the light of the above information, we presumed that weakening/abolition of 
AHP1 - ARR4 interactions due to the mutation of ARR4 amino acids analogous to 
active site and “aromatic” switch residues could be because of a similar correlation 
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between phosphorylation and AHP1 – ARR4 interaction. We accept that independent 
verification of the interaction of AHP1 with ARR4D95N in BiFC did not show similar 
differences in interaction as observed in the yeast-two hybrid system. However, it 
should be noted that in BiFC, the detection of protein-protein interaction is based 
merely on the association of fluorescent protein fragments. Hence, even slightly 
weaker protein-protein interactions can also bring the fluorescent fragments in close 
proximity, thereby facilitating their association resulting in fluorescent signal. 
Probably, for similar reason, we did not notice any difference in the interaction of 
AHP1 with ARR4 and ARRD95N. Alternative techniques such as co-
immunoprecipitation, pull-down assays or FRET-FLIM can be used to verify the 
yeast two-hybrid results  
 
The reduction in inhibition of root elongation for all the three transgenic lines of 
35S:ARR4S125A-HA (P < 0.05) and the reduced expression levels of ARR7 in 
35S:ARR4S125A-HA transgenic line # 1-3 after 30 min of cytokinin treatment, both 
compared to hextuple mutant (Figure 3.19) clearly indicated that ARR4S125A was able 
to rescue (at least partially) hextuple mutant. This was also consistent with our yeast-
two hybrid data as we did not notice any variation in the interaction of AHP1 with this 
mutant and to unmutated ARR4 (Figure 3.16). However, from this piece of data we 
should not jump to the conclusion that in ARR4, conserved Ser does not have a 
significant role to play in phosphorylation and hence the mechanism of 
phosphorylation in ARR4 is different from other response regulators. Mutational 
analyses of the role of analogous Thr 87 in CheY have clearly revealed that although 
the hydroxyl group of Thr may be necessary for the coordinated modulation of CheY 
post-phosphorylation, it is not strictly essential for the same (Appleby and Bourret 
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1998). Additionally, even in that particular study, some activity was shown by CheY 
despite the mutation at Thr 87 to Ala. Thus, we can safely state that our data for 
ARR4S125A mutant is consistent with the published information. 
 
The observation that 35S:ARR4F144A-HA transgenic lines did not show any rescue of 
the hextuple mutant, whatsoever, in any of the two bioassays used, establishes the 
critical role of Phe in ARR4 functions (Figure 3.20). This clearly indicated that 
ARR4F144A was not able to rescue the hextuple mutant. This inability of ARR4F144A to 
rescue the hextuple mutant could be correlated to the lack of phosphorylation as this 
mutant did not show any interaction with AHP1 in the yeast-two hybrid system so the 
chances of the mutant protein receiving the phosphoryl group is quite negligible 
(Figure 3.16). However, at the same time we also cannot rule out the fact that this 
aromatic amino acid is analogous to the “aromatic” switch residue in other response 
regulators (Figure 3.14) that play crucial roles in response regulator activation and 
down-stream functions (Lee et al., 2001b). Thus, this can act as a preliminary clue 
about the involvement of a similar “Y-T” coupling mechanism for response regulator 
activation in ARR4. It was noticed that the expression levels of ARR7 in 
35S:ARR4F144A-HA line # 1-1 were not equivalent to hextuple mutant after cytokinin 
treatment. However, they were significantly higher than the ARR7 levels in either 
35S:ARR4-HA or 35S:ARR4S125A-HA lines, thus supporting the root elongation data. 
This could be due to the variation in handling of samples which will be overcome by 
using additional replicates. 
 
The contrasting results obtained from Lys 147 mutation were not only surprising but 
also interesting. Although ARR4K147A did not show any interaction with AHP1 in the 
  Discussion 
  P a g e  | 134 
yeast-two hybrid system (Figure 3.16), we were able to see partial rescue of the 
hextuple mutant (Figure 3.21). We called it as “partial” rescue because in both the 
bioassays, although, we observed some rescue of the hextuple mutant which was less 
than the rescue showed by 35S:ARR4-HA (Figure 3.12). It is known from the studies 
of other response regulators that the conserved active site Lys undergoes a moderate 
conformational change in response to phosphorylation, which also contributes to 
some extent, to the activation of response regulators (Bourret 2010). Based on this 
fact, we can hypothesize that mutation of Lys to Ala would have allowed the 
molecule to move towards the phosphate-binding pocket even in the absence of 
phosphorylation, due to removal of bulky side chain of Lys. Consequently, this would 
account for the conformational change of Lys upon phosphorylation, thus providing 
“partial” activation of ARR4 as the aromatic amino acid would still be in the outward 
(inactive) position. However, in the absence of any parallel studies in receiver 
domains of other response regulators, verification of the hypothesis is not possible. 
We also accept that we have only checked the interaction of ARR4K147A with AHP1 
and not with other members of AHP family. Although, it is evident that different 
AHPs show specificity towards different type-A ARRs, interaction of ARR4 with 
other AHPs has also been reported (Dortay et al., 2006). Hence, probably, ARR4K147A 
might have received the phosphoryl group upon interaction with other AHPs, 
accounting for the partial rescue. The possibility of the interaction of ARR4K147A with 
other AHPs needs to be tested in the near future using the yeast-two hybrid system. 
Additionally, for verifying the possibility of the positional shift of Ala in the absence 
of phosphorylation, the phosphorylation-mediated conformational changes in different 
mutants of ARR4 may have to be examined. 
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4.3 INSIGHT INTO THE PHOSPHORYLATION-INDUCED 
CONFORMATIONAL CHANGES 
 
The difference in the interaction of AHP1 with the two mutants of ARR4, the 
activation-state-mimic conformation, ARR4F144W, and the non activable conformation 
ARR4S125I/F144W, (Zhu et al., 1997) further supported our hypothesis that 
phosphorylation might enhance the interaction of AHP1 with ARR4 (Figure 3.22). As 
observed, Phe 144 to Trp mutation could reestablish the interaction between AHP1 
and ARR4 that was lost by the mutation of Phe 144 to Ala (Figure 3.16). Furthermore, 
the weakened interaction of AHP1 with ARR4S125I/F144W clearly suggested that 
mutation of Ser to Ile has affected the interaction shown by ARR4F144W. The crystal 
structures of similar mutations at the analogous amino acids in CheY (E.coli response 
regulator) have demonstrated that mutation of aromatic amino acid to Trp resulted in 
an inward position of the ring, providing the activated state conformation to the 
protein. Moreover, the mutation of Thr (analogous to Ser 125) to Ile have forced the 
aromatic ring to remain in an outward position even for Trp, thereby forming the 
protein non activable. Thus, a combination of the above information with our yeast-
two hybrid data indicated on two aspects: firstly, this suggested that like other 
response regulators, ARR4 activation is also governed by “Y-T” coupling mechanism 
and secondly, it highlighted the possibility that phosphorylation-induced 
conformational changes in ARR4 account for the contribution of phosphorylation in 
the interaction of the two proteins. As discussed earlier, unlike yeast-two hybrid, 
BiFC analysis did not show equivalent differences in interaction of AHP1 with the 
two mutants of ARR4 protein (Figure 3.23).  
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Furthermore, the preliminary results obtained for the interaction of ABI5, a down-
stream target of ARR4, with the phosphomimic (ARR4D95E) and non 
phosphorylatable (ARR4D95N) mutants of ARR4, suggests the likelihood of the role of 
phosphorylation and hence of subsequent conformational changes in interaction with 
ABI5 (Figure 3.24). However, we have not observed any major differences in the 
interaction of ABI5 with the “aromatic” switch, activation-mimic and non activable 
mutants of ARR4, but it should be noted that ABI5 showed self-activation on SD-
Leu, Trp, His. This makes it a touch difficult to detect any differences in the 
interactions merely by the growth of yeast cells on the SD-Leu, trp, His, Ade. Thus, 
the interactions of ABI5 with different mutants of ARR4 listed here needs to be 
quantified in future for extracting further information from the interaction data. 
 
4.4 INSIGHT INTO STRUCTURAL ASPECTS OF 
PHOSPHORELAY BETWEEN AHP1 AND ARR4 AND 
ACTIVATION OF ARR4 
 
The relatively high expression of recombinant AHP1 was responsible for some 
amounts of protein remaining unbound and finally getting lost in the flow through 
(Figure 3.25a). Increasing the amount of resin or the time of binding resulted in more 
recovery of the protein but it also increased the impurity due to non specific binding 
of other proteins. So, we chose to obtain pure protein by compromising the recovery 
of the protein. Additionally, the reason for expression of GST protein alone is still 
unknown. However, it did not interfere with the purification of AHP1 (Figure 3.25b). 
The CD spectroscopy showing an entirely α-helical structure was also consistent with 
the published structures of Hpt proteins from other organisms, as well as with our 
homology model for AHP1 (Figure 3.27a). Despite the confirmation that the protein 
was structured (Figure 3.27a and Figure 3.28), we could not manage to determine the 
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3-D structure of the protein either by crystallization or by NMR spectroscopy, 
probably due to the problem of aggregation. Although, our DLS profile did not show 
any signs of high order oligomerization or aggregation (Figure 3.27b), but we 
observed that the protein was unstable and tends to precipitate slowly by itself. Most 
likely, the protein solution consisted of a homogeneous mixture of monomers or 
lower order oligomers, which adhered and formed higher order aggregates, finally 
resulting in precipitation. This was later supported by Pekarova et al., (2011), who 
also experienced oligomerization of AHP2, 3 and 5 at higher concentrations. 
 
SDS-PAGE analysis for recombinant ARR4 protein purification steps clearly showed 
that the protein migrated higher than its expected molecular weight (Figure 3.29a). 
The possibility that it could be some other protein was ruled out by peptide mass 
fingerprinting and ESI MS data (Figure 3.30). This differential migration of the 
protein could be correlated to the large number of positively charged amino acid 
residues present in the primary structure of the protein. With regards to the 
aggregation of ARR4 (Figure 3.29b), the CD spectroscopy data for ARR4 helped us 
to verify that the problem of aggregation was not due to the lack of structure in the 
recombinant protein (Figure 3.33b). The CD spectrum corresponded to the presence 
of α and β secondary structures in ARR4, that coincided with the secondary structure 
of other receiver domains. Moreover, our homology model has also depicted similar 
secondary structures for ARR4 (Figure 3.4). Additionally, the optimization of the 
construct by using different truncated versions of the protein and fusing them to 
different solubility tags did not show much improvement in the purification of the 
protein (Table 3.5 and Figure 3.31). This indicated that the aggregation problem was 
not associated with the length of the protein construct used or the presence or absence 
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of a particular solubility tag. The possibility of aggregation due to ionic interactions or 
covalent interactions or suboptimal pH conditions was also discarded by purifying the 
protein in high salt concentration (break ionic interactions), high DTT concentration 
(breaks covalent interactions) and different pH conditions (Table 3.5). After ruling out 
the role of ionic interaction, covalent interaction and pH conditions, we presume that 
hydrophobic interaction among the protein molecules could be the cause of 
aggregation. Here, we would like to highlight that the residues of ARR4 identified 
from the homology model present at the AHP1 – ARR4 interaction interface (Table 
3.1) contained a majority of hydrophobic amino acids. This suggests that may be the 
protein forms a contact with AHP1 via. hydrophobic bonds. Hence, the hydrophobic 
residues are required to be present on the surface of the protein which may also cause 
the ARR4 protein molecules to adhere by hydrophobic interactions, thereby resulting 
in aggregation. Verification of such a hypothesis will require further optimization in 
the presence of detergents in the purification buffer. Protein purification needs to be 
optimized further for using it to study the conformational change in ARR4 using a 
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Since the discovery of cytokinin signal transduction mechanism as a modification of 
the TCS system, extensive research has been conducted to improve our perspective 
towards cytokinin signaling. Nevertheless, majority of our understanding about 
cytokinin signaling so far, have come from the functional characterization of its 
components. But, our understanding of the TCS has led us to believe that a detailed 
study of the structural aspects of the mechanism of signal transfer can also add 
significantly to the existing knowledge. Consequently, in this study we have tried to 
address some of the questions associated with phosphorelay from AHPs (AHP1) to 
type-A ARRs (ARR4) and the subsequent transition of type-A ARRs from an inactive 
to active conformation. 
 
The study has clearly shown that the receiver domain of ARR4 is present at the N-
terminal region of the protein between 16 and 175 amino acids. This region also has 
the ability to interact with AHP1 in a yeast-two hybrid system, consistent with the 
ability of other receiver domains to interact with Hpts. Additionally, the generation of 
the homology model of AHP1 (2-142) – ARR4 (32-167) complex have appeared to be 
helpful in many ways. Besides, highlighting the structural homology of AHP1 and 
ARR4 with Hpts and receiver domain structures of other organisms, it has provided us 
the opportunity to show for the first time that receiver domain structure is conserved 
in a response regulator of A. thaliana. Furthermore, the homology model has 
facilitated the identification of ARR4 amino acids present at the interaction interface 
of AHP1 – ARR4. The yeast-two hybrid analysis of the interaction of AHP1 with 
ARR4 mutants substituted at the interaction interface residues has indicated the 
participation of some of the residues in AHP1 – ARR4 interaction. Subsequently, the 
complementation of hextuple type-A ARR mutants with ARR4 or ARR4Y96A, the 
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mutation that weakened the interaction between AHP1 and ARR4, have helped us to 
study the impact of weakening of interaction on phosphorylation and hence on the 
functions of ARR4. The data suggests a correlation between the strength of 
interaction and phosphorylation as ARR4Y96A showed a lesser rescue of hextuple 
mutant compared to ARR4. A similar correlation was also observed when ARR4 
amino acids analogous to active site and “aromatic” switch residues were mutated and 
tested for interaction with AHP1 in the yeast-two hybrid system. Therefore, we feel 
that further analysis of the association between interaction and phosphorylation will 
help to improve our understanding about the contribution of phosphorelay in the 
functions of ARR4. 
 
Our project has also helped to highlight that several amino acid residues 
corresponding to the active site residues reported in bacterial system are also 
conserved in ARR4. These include Asp95, Ser125 and Lys147 in and the “aromatic 
switch” residue, namely, Phe144. Based on the homology model and the 
corresponding conserved domains of bacteria and yeast proteins, our data also show 
that the critical amino acid residues occupy similar positions in the 3-D space. 
Furthermore, expression of ARR4 mutants substituted at Phe144 or Lys147 in the 
hextuple mutant background have indicated that these residues have critical biological 
functions in Arabidopsis ARR4. The participation of these residues in ARR4 
functions also hints upon the possibility of the involvement of “Y-T” coupling 
mechanism (also known as the “aromatic switch”) in phosphorylation-induced 
activation of ARR4. Preliminary data from the interaction of ARR4 mutants 
corresponding to activation-state-mimic and non activable state with AHP1 have 
supported the hypothesis. Further structural confirmation of ARR4 (e.g., by H-D 
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exchange analyses of the ARR4-F144W and ARR4-S125I/F144W mutants) will help 
to definitively establish the presence of the “aromatic switch” mechanism in cytokinin 
signaling process in plants. Therefore, our data have helped to highlight the cross-
species conservation of the structural aspects of phosphorelay signaling mechanism. 
Furthermore, the results revealed an important mechanistic aspect of the cytokinin 
signaling pathway, namely, phosphorylation-mediated activation of response 
regulators in Arabidopsis. 
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